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PREFACE 


CHEMISTRY is so closely connected with many phases of 
modern life that almost everyone should have some knowledge of 
it. Its application to the problems of industry and recently 
to those of warfare has attracted unusual attention. and interest. 
It plays no less important a part in the sciences of agriculture 
and medicine. For these reasons we believe that a knowledge 
of the fundamental facts of chemistry and an ability to use them 
should form a part of the equipment of our Canadian youth. 

It is generally conceded that in order to teach any subject 
effectively it is first necessary to arouse an interest in it. For- 
tunately this is an easy task in chemistry if the method of 
presenting the subject is not too formal and academic. We 
have found two ways of awakening the student’s interest: 
first, by appealing to his love of the miraculous and dramatic ; 
and second, by touching his curiosity concerning the things 
of every-day life. With this in view, we have outlined numerous 
class-experiments to be done on the lecture-table, often somewhat 
spectacular; and, wherever possible, we have drawn examples 
of chemical phenomena from the student’s daily experience. 
Such applications of the facts and principles of chemistry, we 
believe, make the subject real and practical. A young person 
is not interested in the details of large manufacturing operations 
which he may never see, but he is curious concerning the 
composition and transformation of many familiar products. 

It is important that the economic significance of chemistry 
and the allied industries be realized. To this end the idea 
has gradually been developed throughout the book that some 
of the common chemical materials, such as sulphuric acid, soda, 
and steel, are literally foundation stones of modern civilization. 

Vv 
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The Industrial Chart (p. 199) helps to fix in the student’s mind 
the codrdination of a number of chemical industries. 

The chemistry of the carbon compounds has been treated 
in a very elementary way but at some length because so many 
organic substances are familiar and important. The chemistry 
of growing things, including the subject of fertilizers, has been 
considered in several places because of the importance of 
agriculture. 

In selecting the material for this book we have tried to include 
only those topics which young people can readily grasp and 
will find useful in their every-day life. We have intentionally 
included somewhat more material than it is probably advisable 
for any class to undertake in a single year. This enables the 
teacher to vary his work from year to year and to adapt his 
instruction to the ability and needs of his class. Some teachers 
may prefer to use the chapter on gases and their measurement 
(V) as collateral reading in connection with the laboratory work; 
and some may be inclined to postpone the chapter on atomic 
and molecular weights (XIII) until more facts have been 
studied. The chapters on chemical equilibrium (XXI]), on 
hypochlorous acid (XX VII), may be omitted wanes breaking 
the continuity of the subject. 


Our observation of the results of the first year’s course in 
chemistry leads us to urge teachers not to try to cover too 
much ground, but to select carefully just what material they 
can best use and to teach that thoroughly. Many a student 
is lost in a maze of chemical theories before he reaches the 
important chemical facts which he can use. We have tried 
to introduce theories when and in so far as they would help 
the student to understand the essential facts of chemistry. 
In order to focus attention on what we consider these funda- 
mentals, we have placed at the end of each chapter a summary, 
so worded as to be easily remembered and applied. 
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It is hoped that some students will want to continue their 
study of chemistry either at school or at home. To stimulate 
and perhaps to guide these efforts at independent work, we 
have suggested at frequent intervals in the book some suitable 
topics for further study, together with some leading questions. 


BH SB. 
J. B.C. 


NoTE:—The directions for laboratory experiments to accompany 
the study of this book are printed in a separate volume. 
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PRACTICAL CHEMISTRY 


CHAPTER I 
CHEMICAL CHANGE 


Chemical changes in everyday life — what chemistry is 
about — what happens in a chemical change — how we 
recognize materials — characteristics of a chemical change 
—no change of weight in a chemical process — what is the 
work of a chemist? 


1. Chemical changes in everyday life. Everyone is familiar 
with the fact that when wood burns a great deal of heat is 
produced and, except for a few particles of ashes, the original 
wood entirely disappears. This is such a common occurrence 
that we do not generally appreciate its striking significance. 
Apparently there has been some sort of change during the 
burning, for we can now no longer find any of the original 
wood. Another change almost as striking occurs if we allow 
a piece of iron, such as a rail, to lie for some time exposed to 
the weather. We find that it first becomes coated and then 
crumbles to a mass of brown powder which we call rust. In 
these cases such well-known substances as wood and iron have 
disappeared before our very eyes. These profound changes 
are examples of natural processes which are known as chemical 
changes. The decay of wood, the souring of milk, the putre- 
faction of meat are likewise common examples of chemical 
change; still others are the explosion of gasolene in an auto- 
mobile cylinder, the sudden burning of a flash-light powder, 
and the bursting of a high-explosive shell. In all these cases 

1 


2 CHEMICAL CHANGE 


certain materials disappear and new ones are formed; in every 
instance the properties of the product of the change are plainly 
different from those of the original materials. 

2. What is chemistry about? The changes of which we 
have just spoken are so important to everyday life and are 
apparently so fundamental that a whole branch of science is 
devoted to their study. Chemistry considers just such changes 
as those involved in the burning of wood and the souring of 
milk. To one trained in this ‘science these apparently mys- 
terious transformations seem relatively simple. A chemist is 
able to predict whether a given substance will burn or not. 
He can also tell us what happens when milk sours and how 
to prevent it. Similarly chemists have been able to devise 
methods for preventing the rusting of iron. With the aid of 
chemistry it has been possible to manufacture a great number 
of useful materials, such as dyes, medicines, and explosives. 

R Dynamite, for instance, is a material which 

* Cy under certain conditions undergoes a rapid 

ae change and produces a tremendous amount of 
force. 

All the changes which occur in living mat- 

See C ter, both plants and animals, are 

2 chemical changes. All the food 

that we eat goes through a number 

of complicated changes in our body. 

All processes of cooking involve 

eo chemical changes which, for the 

most part, render food more palat- 

Fig. 1. dot of nitric acid on able and easier to digest. For ex- 

moe ample, the white of an egg, a thick 

colorless liquid, is turned by boiling into a soft white solid. 

It is evident that chemistry is the foundation of the sciences of 
biology and medicine. 

3. What happens in a chemical change? Let us now see 
just what happens in some cases of chemical change. 
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Suppose we drop a few small iron nails into a liquid ealled nitric 
acid (Fig. 1). We notice that the iron dissolves rapidly and that a 
cloud of brown fumes is produced. When we evaporate the solution 
- over a flame, we find that a brown solid is left behind (Fig. 1). We 
ean clearly see that this is not the iron with which we started. It is 
a new material quite different from iron. 


In every chemical change one or more materials disappear and 
one or more new substances are formed. 





— ee 
Fig. 2. Charring of sugar by sulphuric acid. 


If we put a solution of sugar into a glass and pour on it a little 
concentrated sulphuric acid, we see a remarkable transformation (Fig. 
2). A mass of black froth immediately appears in place of the sugar, 
and if we examine the black solid in this froth we shall look in vain 
for our original sugar. 

A little finely ground sulphur and zine dust may be mixed together 
and put in a small pile. When this mixture is touched with a flame 
a flash at once appears and a cloud of white solid floats off. Again 
we find neither. our original sulphur nor zinc, but only a new white sub- 
stance, which in this case is known as zinc sulphide. 

In this last experiment not only was a new material formed but 
there was considerable heat and light produced. We usually find 
that in a chemical change heat is either absorbed or evolved and light is often 
emitted. 


4. How we recognize materials. When we notice that 
ashes are different from wood and that the brown solid formea 
by dissolving nails in nitric acid is different from metallic iron, 
we are unconsciously taking advantage of our everyday knowl- 
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edge of what such common materials as wood and iron are really 
like. No one would have any difficulty in distinguishing 
between a stick of wood and a bar of iron, even if the stick were 
painted black. Wood will float readily on water, iron will 
not. A magnet will attract a piece of iron and not a piece of 
wood. Wood easily catches fire whereas iron will not burn. 
Such characteristic facts about a given material are called its 
properties. We can recognize and identify any particular 
material by knowing a number of these properties. 

Many properties of materials can be determined accurately 
and expressed by numbers. For example, the weight of a unit 
volume of matter is called the density and is expressed in grams 
per cubic centimeter. Iron, whichis heavy, has a density of about 
7; pine wood, being light, has a density 
of about 0.4. By determining such 
properties accurately we have a quick 
and convenient method of identifying 
various materials. Usually, however, 
it is necessary to determine several 
properties in order to be sure that we 
have completely identified the mate- 
rial. Other useful properties are solu- 
bility, color, melting point, and boiling 
point. 





Fig. 3. Heating iron powder Vs : 
and sulphur. 5. Characteristics of a chemical 


change. Let us take some finely divided 
sulphur and some iron filings. We notice that the sulphur is a yellow 
powder, relatively light; it will dissolve in a liquid called carbon 
disulphide. The iron is a heavy gray solid, insoluble in carbon disulphide 
and readily attracted by a magnet. Let us mix these two materials 
together in such proportions that there is about twice as much sulphur 
(by volume) as iron. We place the mixture in a test tube and heat 
it in a flame (Fig. 3). It will be seen that in a few moments a glow 
spreads all through the contents of the tube, and this glow continues 
for a time even when the flame is removed. Evidently something 
has happened in the tube which has produced heat and light. If 
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we break the test tube and examine the solid, we shall see that it 
is a hard black mass. If we grind it up into small bits we shall find 
that none of it has the properties either of sulphur or of iron. That is, 
none of it is soluble in carbon disulphide, and none of it is attracted 
by a magnet. 


In this experiment the two substances, iron and sulphur, have 
disappeared and a new substance which is called iron sulphide 
has been formed. We 
are able to recognize 
these facts by care- 
fully noting the prop- 
erties of the original 
materials and_ the 
properties of the final 
product. In achem- 
tcal change there is 
always a change in the 
properties of the mate- 
rials involved. 

6. No change in 
weight in a chemical 
process. If we had Fig 4. Chemical change in a closed vessel; no 

i change in weight. 
carefully weighed the 
test tube containing the iron and sulphur before and after heat- 
ing, we should have found that no change in weight had taken 
place. ‘This is such a general and important fact in chemistry 
that we may very well illustrate it by another experiment. 





We may select any two substances which act quickly on one another 
when brought together. For example, suppose we take silver nitrate 
and caustic potash solutions and pour one into a short test tube and 
the other into a flask. We place the tube in the flask, as shown in 
figure 4, carefully close it, and determine its weight. Then we tilt 
the flask so as to bring the two clear liquids together, and we produce 
a brown-black substance. The chemical change causes some rise in 
temperature. After the flask has cooled we again weigh it and find 
that its weight is unchanged. 


6 CHEMICAL CHANGE 


A large number of such experiments have been performed 
with great precision, and these have shown that in every chemical 
change the weight of the materials taking part in the change is 
exactly equal to the weight of the substances produced by the change. 
This is known as the Law or CONSERVATION OF MATTER. 

A law in science is simply a statement of some general fact 
which has been established by a large number of experiments. 





Fig. 5. Chemical laboratory in Ford Motor plaat; steel and other materials 
used in the manufacture are tested here. 


It is a description of the constant mode of behavior of certain 
materials under certain conditions. 

7. What is the work of a chemist? We have seen that 
chemistry deals with such widely different processes as the 
explosion of gunpowder and the digestion of food. Conse- 
quently a chemist’s work covers a broad field. Almost all 
manufacturing operations involve one or more chemical pro- 
cesses. Manufacturers, therefore, have to employ chemists 


SUMMARY OF CHAPTER I 4 


(Fig. 5) to see that these are carried out satisfactorily; in the 
same plant other chemists are often engaged in trying to im- 
prove the manufacturing methods. Oftentimes the chemist 
is able to find some way in which to turn a waste product of 
the industry into some useful and valuable material. 

Soap, fertilizers, glass, paper, and ink are common materials 
which are made by a series of rather complicated chemical 
changes. Their manufacture has been much improved by the 
work of chemists. Explosives, dyes, and many drugs were 
first made in the chemical laboratory, were found to be valuable, 
and were then produced on a large scale. 

The chemist is also often employed to find out of what va- 
rious things are made. For example, he determines whether 
there is any zinc, copper, or gold in a given rock and how much 
of each metal. He detects poison in food and.drink; he meas- 
ures the amount of sugar in a given beet or the amount of 
valuable material in a fertilizer. Medical and biological work 
carried out in hospitals and special laboratories requires the 
assistance of many chemists. 


SUMMARY OF CHAPTER I 


CHEMICAL CHANGE involves a change in the identity of the 
material; all the characteristic Peeper disappear; one or more 
new Piateriats are formed. 

THE PROPERTIES of a material are the characteristics by 
which we identify it, such as its color, hardness, taste, density, 
solubility, and melting point. 

HEAT and light often attend a chemical change. 

LAW OF CONSERVATION OF MATTER. The weight of 
the materials taking part in a chemical change is exactly equal to 
the weight of the materials produced by the change. 

CHEMISTRY deals with the composition of materials and with 
the changes which they may undergo. The chemist is often able 
to improve methods of manufacture and to find new uses for 
waste products. 
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QUESTIONS 


1. If sand and sugar are mixed together, what property of each 
would you use in separating them? 


2. What properties would you make use of in distinguishing be- 
tween (a) copper wire and iron wire, (b) wood and iron, (c) aluminum 
and silver, and (d) powdered sugar and flour? 


3. Name five examples of chemical change (not mentioned in 
the text) with which you are familiar. 


4. If we pound iron it becomes hot. Have we produced a chemi- 
eal change? 


5. If we scratch a match on a box we produce both heat and light. 
Is this a chemical change? Give your reasons. 


6. Name some property which is common to all materials. 


7. Show how the Law of Conservation of Matter applies to the 
chemical change involved in burning coal in a stove. 


8. In what ways did chemistry play an important part in the 
World War? 


9. Why is chemistry of such great value in agriculture? 


10. How does the government make use of the chemist in the en- 
forcement of “ pure food”’ laws? 


CHAPTER II 
ELEMENTS AND COMPOUNDS 


Substances and mixtures — compounds — elements — 
compounds made from elements — compounds have a definite 
composition — mixtures and compounds compared — sepa- 
ration of mixtures — occurrence of the elements — number 
and importance of compounds. 


8. Substances and mixtures. In the first chapter we 
learned that any material could be recognized by its character- 
istic properties. If we examine with a mag- 
nifying glass a bit of soil from the garden 
(Fig. 6), we shall probably find that it is 
composed of at least two differently colored 
particles, — one, a white glassy material, 
which is sand, and the other, brownish dirt 
~ composed of clay mixed with the remains of 
plants that have decayed. If we rub the 
soil between our fingers we find that the 
bits of sand are hard and sharp while the 
clayey material is soft and easily crumbles. Fig. 6. Soil examined 
In this way we learn that ordinary garden cee ee 
soil is composed of two or more materials 
which have entirely different properties. Material such as soil 
is obviously a mixture. 

If we examine the mixture of iron and sulphur which we used 
in the last chapter, we can recognize in it particles of sulphur 
and particles of iron. On the other hand, if we examine a mass 
of iron filings or a pile of powdered sulphur, we find that every 
particle is like every other particle and seems to have exactly 
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the same properties. A material of which every part is like every 
other part is said to be homogeneous and is called by the chemist 
a substance. A material which is composed of two or more 
substances mixed up together is called a mixture. The soil 
is therefore a mixture and not a substance. Sulphur and iron 
are substances which we can easily stir together to form various 
mixtures. 

Since a substance is a homogeneous material, all parts of it 
will have exactly the same properties. Every sample of the 
substance will be found to be exactly like every other sample. 
On the other hand, the properties of a mixture will depend 
on how much of each component is present. For example, 
a mixture of 10 parts of iron and 1 part of sulphur is gray, 
while a mixture of 10 parts of sulphur and 1 of iron is almost 
pure yellow. 

Therefore, if we find that all specimens of a material have 
exactly the same properties, we may feel certain that we are 
dealing with a substance and not a mixture. 

9. Chemical compounds. Probably the most important 
as well as the most familiar substance is water. Yet, strange 
as it may seem, even 
pure water is not a 
simple substance. We 
may easily decompose 
water by an electric 
current into two very 
different substances. 





Fig. 7. Water decomposed by an electric cur- We pour — water 
rent into oxygen and hydrogen. (containing a little so- 

dium sulphate) into the 

apparatus shown in figure 7. The platinum electrodes are connected 
with a battery or generator giving at least 5 or 6 volts. The electrode 
in tube A, which is connected to the positive (+) pole, is called the 
anode, and the other electrode in B is the cathode. The current passes 
through the solution from the anode A to the cathode B. Small 
bubbles of gas are seen to rise from both electrodes, and the gas col- 
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lects in B twice as fast asin A. When B is full we open the switch and 
test the collected gases. To test the gas in tube B we invert the tube 
and carefully apply a lighted match. This gas burns with a pale blue 
flame and is called hydrogen. If we invert the other tube and bring 
a glowing pine stick near, it bursts into a flame. This gas is oxygen. 
The sodium sulphate, which was added to make the water a better 
conductor of electricity, is left behind in the apparatus undiminished... 


Thus we see that water is decomposed by electricity into its 
constituent elements, hydrogen and oxygen. This process of 
decomposing a compound by 
means of an electric current is 
called electrolysis. 

Let us examine a red powder 
called red oxide of mercury. It 
is apparently a definite sub- 
stance ; every particle seems to 
be like every other particle. 


We place some in a hard-glass 
test tube and arrange it for heating 
as shown in figure 8. Very soon 
the red powder becomes dark, and 
if we introduce into the tube a 
splinter of wood with a glowing 
spark on the end, the spark at once 
bursts into flame. This indicates 
that some gas, not air, As being Fig. 8. Red oxide of mercury 
evolved. On again examining the decomposed by heat. 
tube we notice that a part or all of 
the red powder has disappeared and that little drops of mereury (quick- 
silver) have collected on the sides of the tube. This forms a sort of 
mirror on the cooler part of the tube. If the heating is continued long 
enough all the red powder eventually disappears and is converted into 
two products, — mercury, the silvery liquid which is used in thermom- 
eters, and a gas which is called oxygen. 





Thus, by means of heat we have transformed a definite 
substance, red oxide of mercury, into two other substances, 
mercury and oxygen. Any substance which can be transformed 
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into two or more other substances is called a chemical compound. 
Hence water and red oxide of mercury are ‘compounds. 

10. What is an element? If we continue our experiments 
and try to produce still other substances by heating mercury, 
or in some other way try to decompose it, we do not succeed. 
Similarly, hydrogen and oxygen have never been broken down 

‘into other substances. We call such substances which have 
not yet been decomposed into simpler substances elements. There 
are about 85 elements (list facing back cover) from which all 
chemical compounds are made. 

It is very remarkable to find that water is composed of two 
gases, one of which burns and the other makes things burn 
much faster than air; also, that red mercury oxide is com- 
posed of a heavy silvery liquid and a colorless gas. We see 
that the properties of a compound are in no way like the prop- 
erties of the elements of which it is made. 

11. Compounds from elements. We shall now consider 
the production of a compound from two elements, the reverse 
of the process just discussed. 


We place a small quantity of iodine in a mortar and pour in a little 
mereury. The two substances at first remain side by side unchanged ; 
but when we rub the mixture vigorously 
with a pestle (Fig. 9), a red substance, 
quite unlike the mercury and the iodine, is 
formed. This is a new substance, a com- 
pound called mercury iodide. 

We are all familiar with metallic cop- 
per, which has a characteristic reddish 
brown color, and with sulphur, which is a 
brittle yellow element. If we put some 
copper chips and powdered sulphur into a 
Fig. 0. Grinding mercuty and small flask (Fig. 10) and heat it, the mix- 

iodine together in a mortar. ture begins to glow. The two elements 

unite with the evolution of heat and light. 
If we break the flask we find a black brittle mass which resembles 
nelther copper nor sulphur. The copper and sulphur have united to 
form a compound, copper sulphide. 
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Common salt is a compound composed of two elements, 
— sodium, a bright, silvery, soft metal, and chlorine, a greenish 
yellow, poisonous gas. Sugar isa com- 
pound of carbon—an element with 
which we are familiar as charcoal — 
and two gases : hydrogen, which burns 
vigorously ; and oxygen, which makes ~ 
things burn furiously. In every case 
we find the same surprising difference 
between the properties of a compound 
and the properties of the elements of 
which it is composed. 

12. Compounds have a definite 
composition. We shall find it con- 
_ venient to represent chemical changes, 
or reactions, as they are often called, 





+ a Fig. 10. Copper and sulphur 
in a condensed form, thus: Pe ae 


mercury oxide —> mercury + oxygen 
(108) (100) (8) 


In this word equation the arrow (——>) is read yield(s), and the plus 
sign (+) is read and. The numbers in parenthesis indicate the pro- 
portions by weight. Thus, it is found that 108 grams of mercury 
oxide yield 100 grams of mercury and 8 grams of oxygen. 


Whatever quantity of mercury oxide is decomposed, experi- 
ments show that +%° or 92.6 per cent of the weight used is left 
as mercury and ;%, or 7.4 per cent of the weight is oxygen. 

We may represent the union of copper and sulphur to form 
copper sulphide thus: 


copper + sulphur —> copper sulphide 
(63.6) (32) (95.6) 


This means that 63.6 parts by weight of copper unite with 32 parts 
of sulphur to form 95.6 parts of copper sulphide. 


In other words, the composition of copper sulphide is $3° or 
66.5 per cent copper and ao or 33.5 per cent sulphur. 
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Very careful quantitative experiments show that every pure 
compound has a definite composition by weight. The whole 
science of chemistry is based on this fundamental fact, which 
is known as the Law or DeEriniTE PRoporTIons. 

13. Mixtures and compounds. The chief difference between 
a mixture and a compound lies in the fact that a compound 
has a definite composition while in a mixture the components 
may be in any proportion. In water, starch, sugar, and salt 
we have examples of compounds, each of which has a definite 
composition. In flour, baking powder, and the soil we have 
examples of mixtures, which vary in composition. 

We must also remember another difference between a mix- 
ture such as that of iron and sulphur and a compound like 
iron sulphide. In the mixture 
we can recognize the proper- 
ties of both iron and sulphur 
andwe find thatthematerial is 
nothomogeneous. Inthecom- 
pound iron sulphide, which 
we find to be homogeneous, 
_we have an entirely different 
set of properties from those 
either of iron or of sulphur. 

14. Separation of mixtures. 
A mixture can often be easily 
separated into its ingredients. 
For example, the iron can be 
attracted away from the sul- 
phur with a magnet ; the sul- 





Pig. 11. Separttoniatian om sulphur hur can be dissolved away 


from the iron in carbon disul- 
phide, leaving the latter behind (Fig. 11). No such simple 
treatment as this will separate the compound iron sulphide into 
iron and sulphur. As a rule we can decompose a compound 
into its elements only by some such drastic method as heating 
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to a very high temperature, or passing an electric current 
through it. 

In the mixture of iron and sulphur the particles are merely lying 
side by side. In the compound the elements are held together 
in chemical combination; and 
the result is that we have a 
substance entirely different 
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elements. Silicon 26% 
15. Occurrence of the ele- 

ments. Although there are 


some 85 elements known, only 
about 25 of these are at all 
common and important. In- 
deed, the accompanying dia- 
gram (Fig. 12) shows that ; 
about 98 per cent of the Fig. 12. Diagram showing approxi- 
earth’s crust, including the mately the composition of the 
ig earth’s crust including the atmos- 
atmosphere, is composed of phere. 
only eight elements. 

Most of the elements in the earth’s crust occur in combina- 
tion with other elements, that is, as compounds. Occasionally 
some elements are found uncombined, or, as it is sometimes 
called, in the free or native state. Copper, sulphur, and gold 
may be mentioned as examples of elements which are found 
in the native state. 

The number of elements that occur in the human body is 
small, and more than half of these are present in very incon- 
siderable amounts. The elements which are generally thought 
of as being essential to living plants or animals are oxygen, 
carbon, hydrogen, nitrogen, calcium, phosphorus, and potas- 
sium. The chemical changes which take place in living organ- 
isms are, however, very complex, and perhaps some of the 
other elements which occur in small quantities are equally es- 
- sential. 


Oxygen 49.8% 


16 ELEMENTS AND COMPOUNDS 


16. Number and importance of compounds. As might 
be imagined, the number of compounds that can be produced 
by combining these eighty odd elements in different ways is 
very large. More than half a million are known, and new ones 
are being prepared and studied every day. Very fortunately 
only relatively few of these compounds are of importance, and 
therefore the study of chemistry is not so colossal a task as it 
otherwise would be. Moreover, as we shall see, the com- 
pounds can be divided into classes, and within these classes they 
are much alike. If a thorough knowledge of even a compar- 
atively small number of compounds is obtained, the student 
will have a firm grasp on the fundamentals of the science. 


SUMMARY OF CHAPTER II 


A SUBSTANCE is homogeneous, that is, all parts are alike and 
show the same properties. 

A MIXTURE is composed of two or more substances mixed 
up together. 

A COMPOUND is a substance which can be decomposed into 
two or more substances. 

AN ELEMENT is a substance which has not yet been decom- 
posed into other substances. 

LAW OF DEFINITE PROPORTIONS: Every compound has a 
definite composition by weight. 


COMPARISON 


CoMPpouNDS MIXTURES 


Definite composition. Components in any proportion. 


In preparation, heat or light In preparation, no evidence of 
emitted or absorbed. light or heat. 

Can be decomposed only by Can often be separated by me- 
chemical means. chanical means. — 
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QUESTIONS AND PROBLEMS 


1. Careful experiments show that 7 grams of iron unite with 4 
grams of sulphur. How many grams of iron sulphide will be produced? 


2. State the law which is applied in Problem 1. 

3. What is the percentage of iron in iron sulphide? of sulphur in 
iron sulphide? 

4. State the law illustrated in Problem 3. 

5. What element have water and red oxide of mercury in common ? 

6. How could you prove that sugar contains the element carbon? 


7. Classify the following as elements, compounds, or mixtures: 
bread, milk, salt, granite, lemonade, aluminum, sugar, quicksilver, 
brass, and sterling silver. 

_ 8. If aluminum is more abundant than iron, give some reason why 
iron is cheaper. : 

9. Why is the list of elements revised from time to time? 


10. Write out a clear definition of the following terms as used in 
chemistry: element, mixture, compound. 


Topic FOR FURTHER STUDY 


Alchemy. The early chemists were called alchemists. What was 
their idea of an element? What was the principal aim of their experi- 
mentation? Did they succeed? (Moore’s History of Chemistry.) 


Nore. The topics for further study will often suggest collateral reading in 
the history of chemistry, and the application of chemistry to industry and every- 
day life. A list of suggested reference books will be found in the Appendix. 


CHAPTER III 


OXYGEN 
Importance — preparation — test — characteristics — 
Lavoisier’s experiments on combustion — products of com- 
bustion — oxidation — speed of oxidation — spontaneous 


combustion — slow oxidation — kindling point — fire extin- 
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OSEPH PRIESTLEY 

33-1804). 

An English clergyman who spent his last 
years in Pennsylvania. 


Fig. 13. @ 
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commercial uses of oxygen. 


17. Importance of oxygen. 
In our study of the elements 
we shall begin with oxygen. 
We have already met this 
substance as a constituent of 
water and of red oxide of 
mercury and have learned 
that it is the most wide- 
spread and abundant of the 
elements. We _ shall soon 
see that it is found in many 
rocks and minerals, such as 
sandstone and _ limestone, 
where it is combined with a 
great variety of other ele- 
ments. Oxygen is the most 
active element in the atmos- 
phere. Without it we suf- 
focate and life is impossible. 
It is necessary for the pro- 


duction of heat since wood, coal, and gas will not burn with- 
out it; and for light wherever oil or gas is used in lamps. 


1S 
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18. Preparation of oxygen. In 1774 an English chemist, 
Joseph Priestley (Fig. 13), prepared oxygen exactly as we did 
in Chapter II by heating red oxide of mercury. At about the 
same time a Swedish apothecary, Scheele, also prepared oxygen 
by this method. In fact, the latter’s discovery of oxygen 
probably antedates Priestley’s, but the results were not made 
public until a few years later. 

In the laboratory it is more convenient to heat a compound 
called potassium chlorate, which is a substance used in medicine 
and in making matches and fireworks. It is much cheaper 
than the oxide of mercury and gives, when heated, a far larger 
proportion of oxygen. Potassium chlorate is a white crystalline 
solid, a compound of the three elements potassium, chlorine, 
and oxygen. When it is heated to the right temperature 
(360° C.) * it melts, and, as the temperature rises still higher, 
bubbles of oxygen appear, leaving behind another compound 
of potassium and chlorine called potassium chloride. We can 
express this change in the following way : 


potassium chlorate —> potassium chloride + oxygen 
potassium potassium 
[ chlorine | chlorine 
oxygen 
If we heat carefully some potassium chlorate in a test tube until 
it just melts and thrust a glowing spark into the test tube, we find that 
no oxygen is being evolved. We now drop a little black powder called 
manganese dioxide into the tube and test it again for oxygen. In 
spite of the fact that the tube has been slowly cooling down, oxygen 
is now produced. The manganese dioxide undergoes no change in 
this process. 


A material which thus aids chemical action without being 
itself permanently altered is called a catalytic agent or a catalyst. 

19. Some experiments with oxygen. In order to study 
the properties of oxygen we shall need to have it in considerable 
quantity. 


* The centigrade scale (C.) is commonly used in chemistry. 
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We may make it by mixing 4 parts by weight of potassium chlorate 
with 1 part of manganese dioxide and placing it in a thin glass flask 
arranged with a delivery tube (Fig. 14). 
The gas is collected in wide-mouthed bottles 
which have been previously filled with water 
and inverted in the pneumatic trough. When 
the flask is heated gently the oxygen escapes 
through the tube and bubbles up through the 
water into the bottles. The flame under the 
flask should be removed from time to time 
in order that the gas may not be too rapidly 
evolved and burst 
the flask. 


We shall first 
of all convince 
5 ourselves that we 

Y have oxygen. We 

Fig. 14. Oxygen made by heating potassium chlorate perform the same 

and manganese dioxide. ‘ 

experiment as be- 

fore (§ 9), that is, we thrust a splinter of wood with a glow- 

ing spark at one end into a bottle of the gas. The fact that 

the splinter bursts into flame is used as a test 

for oxygen since there is only one other gas 
(nitrous oxide) which behaves similarly. 

We shall now study the behavior of various 
substances when heated in oxygen. 










Charcoal: We wrap a piece of copper wire around 
a small bit of charcoal, heat it, and then plunge it into 
a bottle of oxygen; it bursts into a brilliant flame. 

Sulphur: We place a bit of sulphur in an iron spoon 
(deflagrating spoon) and ignite it by holding it for a 
moment in a flame. It burns with a pale blue flame, 
but when put into oxygen (Fig. 15) it burns with a 
very brilliant light. cain) in Geena 

Iron: It is possible to burn iron in oxygen if we 
use iron ribbon, such as a watch spring, or iron wire, such as a bunch of 
braided picture wire. First we coat the end with sulphur, then ignite 
the sulphur and suspend the wire in a bottle of oxygen. The sulphur con- 
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tinues to burn, producing a very intense heat which is sufficient to 
ignite the iron. As the iron burns it sends off a shower of brilliant 
sparks (Fig. 16). (It is well to cover the bottom of the bottle with a 
layer of sand.) 

Phosphorus: This is a soft yellow substance which may take fire 
even at ordinary temperatures. For this reason it is always kept under 
water when stored. A small bit placed in a deflagrating spoon and 
ignited will burst into flame when placed in oxygen. 
The flame is so vigorous and the light so intense that 
one cannot look at it with comfort. The white clouds 
which appear are the product of the chemical re- 
action. 


20. Characteristics of oxygen. From such ex- 
periments as these we see that the most noticc- 
able characteristic of oxygen is that in it sub- 
stances which burn in air will burn more rapidly 
and with increased brilliancy. It is a colorless 
gas and is so slightly soluble in water that we 





: Fig. 16. Burning 
have no difficulty in collecting it over water. iron in ‘oxygen 


with a shower 


When the gas is pure it has neither smell nor  o¢ sparks. 


taste and is slightly heavier than air. 

Such characteristics of a substance describe its behavior and 
are often called the chemical properties of the substance. 
The mere name of a particular material tells us nothing; it is 
only when we know its properties that we are acquainted with 
it. Chemical substances are like individuals in this respect; 
if we know a man’s name only, we know very little about him. 
When we have learned something about his actions and charac- 
ter we can tell what sort of person he is. The chemical prop- 
erties of a substance describe the character of that particular 
kind of inanimate matter. 
| 21. What is “burning”? We have just seen that various 
substances burn more rapidly in oxygen than in the atmosphere, 
and so we may reasonably conclude that oxygen plays an im- 
portant part in the process of burning, or combustion. This 
is such an important chemical change that it will repay us to 
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examine the process with considerable care and to recall in this 
connection some of the early experiments. 

22. Lavoisier’s experiment on combustion. Lavoisier (Fig. 
17) was a famous French chemist who lived about 125 years 
ago. He is sometimes called the “father of modern chem- 
istry ’’ because he discovered 
the correct explanation of 
the process of burning. 


He heated some mercury in 
a retort (Fig. 18) the neck of 
which extended into a jar stand- 
ing in a larger dish of mercury. 
After heating the mercury 
nearly to its boiling point for 
several days, he discovered 
that the air inclosed within the 
retort and jar had lost one fifth 
of its volume. On examining 
the residual air he found that 
a lighted splint would not burn 
init but was extinguished. The 
material in air which enables 
a substance to burn had evi- 
dently been removed. In the 
Fie. 17. Antorne Laurent LAVOISIER retort he found, on Bisa 

are ; of the mercury some red powder 


ee ee having all the properties of the 
French chemist whose work laid the .q oxide of mereury which 


foundation of modern chemistry. He ; d df 
was a Victim of the French Revolution. Priestley had used for prepar- 
ing oxygen. 


Lavoisier now placed this in a suitable apparatus, heated it strongly, 
and collected the gas evolved. He obtained a gas whose volume exactly 
corresponded with the shrinkage undergone by the inclosed air, and 
in this gas substances burned with great vigor. There was now no 
doubt that one-fifth of the air was composed of this gas, which Lavoisier 
named oxygen. By mixing the rest of the air left in the first experi- 
ment with enough oxygen to bring it back to its original volume, 
Lavoisier produced a gas having all the properties of ordinary air. Thus 
he proved that the oxygen of the air is the only gas used up in the pro- 
cess of burning. 
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23. Products formed by burning. But if burning is a 
chemical reaction between oxygen and the substances burned, 
what about the compounds 
formed by the change? What 
has happened to them? A 
candle disappears almost com- 
pletely when it burns. The 
products of the combustion in 
this case are gases like oxygen 
itself and are invisible; they 
can, however, be collected 
and weighed. When a candle 
burns, the compounds formed 
are water vapor and a gas 
called carbon dioxide. These so-called products of combustion 
may be absorbed by'a substance known as sodium hydroxide. 

If we arrange a candle on a balance pan A and suspend above it a 
tube filled with sodium hydroxide, we shall be in a position to weigh 
both the candle and the products of combustion (Fig. 19). We care- 
fully balance the scales by putting suitable weights on pan B. We 
then light the candle and notice 
that as the combustion pro- 
ceeds pan A becomes heavier 
although the eandle is visibly 
disappearing. The substances 
produced by the burning are 
heavier than the candle which 
is burned. This is because they 
contain the element oxygen 
taken from the air in addition 
to the elements already present 
in the candle. 





Fig. 18. Lavoisier’s apparatus for 
studying combustion. 





This experiment shows 
that if we weigh the products 
of combustion we always find 
them to be heavier than the substance burned. Another experi- 
ment which illustrates the same important point is as follows: 


Fig. 19. The products formed by burning 
a candle weigh more than the candle. 
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We place some iron powder in a crucible and carefully counterpoise 
it on a balance with the aid of weights or small shot. We remove 
the crucible from the pan and heat it with a flame (Fig. 20). The 
mass begins to glow, showing that a chemical change is taking place. 
We continue the heating for about five minutes 
and then cool and examine the material. The 
crucible is found to contain a new reddisk solid 
resembling iron rust. When the crucible is now 
placed on the balance pan we find that it has 
gained a great deal in weight. Again the in- 
crease in weight is due to the oxygen from 
the air which has combined with the iron to 
form a new compound containing the two ele- 
ments iron and oxygen. 





Fig. 20. Iron powder  Lhese experiments show that when a 
heated in a crucible substance burns in air new compounds 
mae een are formed by the combination of the 

combustible materials with the oxygen. These new compounds 
weigh more than the original material because they contain 
oxygen in addition to the combustible substances. In the 
case of iron the product is called iron oxide; we cen represent 
the change as follows: 


iron + oxygen —~> iron oxide 


[ iron | 
oxygen 


An oxide is a compound of an element and oxygen. When 
substances burn in air or oxygen, oxides are always formed. 
24. Oxidation. The reaction of a substance with oxygen 
is called oxidation. When this reaction proceeds so rapidly 
that heat and light are produced, we call the change burning, 
or combustion. Familiar examples of oxidation are the burn- 
ing of coal, wood, gas, or oil, which takes place so rapidly that 
we have combustion. There are many cases of oxidation where 
the change goes on so slowly that no apparent heat or light 
is produced. One of the best examples of this is the rusting of 
iron. When iron is left in contact with the atmosphere it 
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slowly turns into iron oxide, or, as it is commonly called, “ rust.” 
This process is hastened by the presence of water. The rust- 
ing of iron is thus exactly like the burning of wood except that 
in the case of iron the change takes place so slowly that no heat 
effect is apparent. 

25. Speed of oxidation. Different substances oxidize at 
very different speeds. Although combustible materials com- 
bine with oxygen at all temperatures, yet in every case the 
speed is increased by raising the temperature. In fact, experi- 
ence shows that in every chemical change raising the temperature 
hastens the process. Some substances, like phosphorus, oxidize 
so rapidly at temperatures only slightly higher than normal 
that they take fire on merely being exposed to the air. This 
is well illustrated by the following experiment : 


Let us dissolve a little phosphorus in carbon disulphide and pour a 
few drops of this solution on a piece of filter paper supported on atripod. 
When the solvent evaporates, the phosphorus 
is left widely distributed over the paper and 
every particle comes in contact with the air. 
Then the whole mass bursts into flames (Fig. 
21). Under these conditions combustion 
starts at room temperature. 


26. Spontaneous combustion. This 
experiment with phosphorus very well 
illustrates what occurs in so-called 
spontaneous combustion. Rags soaked 
with oils sometimes take fire when left 
lying about instead of being placed in 
a closed metal can. This is because a 
slow oxidation of the oil takes place Fig- 21. Spontaneous com- 
on the large surface exposed to the air. Rete Tet eee 
The rags are poor conductors, and so the heat developed finally 
sets the mass on fire. 

27. Kindling point. The other extreme is represented by 
iron. In order to cause this substance to burn rapidly it is 
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necessary first to get it into a finely divided condition, then to 
raise it to a high temperature, and to put it into pure oxygen. 
We did this in a previous experiment by coating a bundle of 
iron wires with sulphur and bringing it to the proper tempera- 
ture by the heat evolved through the rapid combustion of the 
sulphur in pure oxygen ; under these conditions the iron itself 
finally caught fire and burned. 

We are all familiar with the fact that coal can be made to 
burn only by first building a wood fire, and that the wood must 
in turn be ignited by paper, which again is lighted with a match. 
In this series the burning of each material raises the tempera- 
ture of the next until it in turn finally ‘“ catches fire’ and 
burns. The temperature at which a particular material will 
“catch fire ” in air is sometimes called the kindling point. But 
the temperature is only one of the conditions which produce 
combustion. Finely powdered iron will start burning at a lower 
temperature than will an iron wire because it presents relatively 
more surface to the air. Besides the physical condition of the 
solid, the pressure of the surrounding air and the presence or 
absence of a catalytic agent also determine the temperature of 
ignition. In other words, there are several conditions which 
affect the kindling point. 

If a mixture of oil vapor and air is raised to a certain tem- 
perature called the flash point, it will take fire and burn for a 
moment. In many countries the laws require that the flash 
point of kerosene shall not be below 110° F. It would be 
dangerous to use kerosene of low flash point in lamps because its 
vapor mixed with air might explode. 

One may burn a little gasolene in an open dish without danger ; 
but a mixture of gasolene vapor and air may burn so quickly that 
it causes an explosion. Therefore it is very important not to use 
such liquids as gasolene near an open flame since they evaporate 
rapidly and the vapor with air forms an explosive mixture. 

28. Extinguishing fire. When we wish to put out a fire we 
try to cool the burning material below its kindling point by 
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pouring water onit. This usually succeeds if we have sufficient 
water at hand. All methods of extinguishing fire depend either 
- upon cooling the combustible material or upon excluding the 
air so that oxygen is no longer available for the oxidation. 
If we use water we combine the two advantages, although 
water acts chiefly by cooling the burning material. Sand 
and gravel, which are used to extinguish certain kinds of fires, 
such as burning gasolene, simply smother the fire by excluding 
the air. So-called chemical fire extinguishers, as we shall see 
in Chapter VII, combine the cooling effect of a liquid with the 
smothering effect of a heavy non-combustible gas which hangs 
like a cloud over the burning material and excludes the air. 
29. Commercial uses of oxygen. The oxygen of commerce 
is now usually made from liquid air, which will be described in 
section 78. The liquid oxygen boils at. —182.4°C., but the 
nitrogen boils even at a lower temperature 
(—194° C.). Therefore the latter evaporates 
more freely than does the oxygen. When the 
liquid is almost pure oxygen (about 96 per cent), 
the gas is pumped into steel cylinders (Fig. 22). 
Physicians sometimes use oxygen for patients 
who are suffering from pneumonia or suffocation. 
It is also used instead of air when intense heat is 
required, as in the acetylene torch and calcium 
light. Oxygen in tanks is used to restore the sup- 
ply in the atmosphere of submarine boats. It 
has recently been found that the aviators who 
ascended to high altitudes, such as 19,000 feet, __ 
where the air is rarefied, get only half the usual eae on 
amount of oxygen and so become “ dopey.”” An _ oxygen under 
equipment has therefore been designed to supply ™°"""* 
the needed oxygen from a tank through a connecting tube to 
a face mask covering the mouth and nose. All military air- 
planes flying over an altitude of 10,000 feet are now equipped 
for the use of artificial oxygen. 
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SUMMARY OF CHAPTER III 


OXYGEN CAN BE PREPARED BY: 


(a) heating red oxide of mercury (historic) ; 
(b) heating potassium chlorate (laboratory) ; 
(c) evaporating liquid air (commercial). 


A CATALYST is a substance which is not itself altered but 
which causes a chemical change to take place more easily. The 
addition of manganese dioxide to potassium chlorate makes the 
oxygen come off at a lower temperature. 

OXYGEN is a colorless odorless gas somewhat heavier than 
air. It combines with nearly all other elements. 

OXIDATION is the process of combining a substance with 
oxygen. 

AN OXIDE is a compound of oxygen and another element. 
Oxides are formed when an element burns in oxygen or air. 

COMBUSTION is a chemical action in which heat and light are 
produced. 

ORDINARY BURNING is a rapid oxidation which is accom- 
panied by heat and light. 

THE KINDLING POINT of a material is the lowest temperature 
at which it takes fire and burns. 

SPONTANEOUS COMBUSTION occurs when material is 
raised to its kindling point by the heat produced through a slow 
oxidation which starts at ordinary temperatures. 

THE SPEED of all chemical changes is increased by raising the 
temperature. 


QUESTIONS 


1. Name three metals which do not oxidize. 

2. How could you prove experimentally that part of the air dis- 
appears in the rusting of iron? 

8. Assume that potassium chlorate is 39% oxygen. If 12 grams 
of potassium chlorate and 3 grams of manganese dioxide are used to 
produce oxygen, how much of each product is left in the flask? 

4. Explain why wood in the form of shavings burns more rapidly 
than the same wood in the form of a log. 
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5. Would oxygen burn in an atmosphere of illuminating gas? 


6. Why does coal packed closely in poorly ventilated bunkers 
often take fire? 


7. Why is oxygen sometimes called a supporter of combustion? 
8. When metals tarnish or rust, do they change in weight? 
9. Why does a good draft make a fire burn more rapidly? 
10. Why does blowing extinguish a candle? 
11. What is the danger in letting the wind blow out a gas flame? 
12. Why do we not fill balloons with oxygen? 
13. How would you distinguish a bottle of oxygen from a bottle 
of air? 
14. How would you prove that ordinary tap watcr contains dis- 
solved oxygen? 
15. What is the safe way to dispose of greasy cloths? 
16. If your clothing caught on fire how would you put it out? 
17. Why do firemen and miners use oxygen helmets? 
18. Why are buildings sometimes dynamited to stop a conflagra- 
tion? 
19. Name three cases of practically instantaneous combustion. 


‘ 


Topics FOR FURTHER STUDY 


Fire prevention. The loss of life and property by fire is a very 
serious matter in the modern world. Provincial and municipal govern- 
ments have passed laws tending to prevent the outbreak of fire. What are 
the “ fire laws ’’ in your community? What means are provided for 
extinguishing fires? What are the relative advantages of different 
kinds of fire-fighting apparatus, such as the ‘“ hand engine,’’ the 
“‘steamer,”’ the ‘“‘ chemical engine,’”’ and a high-pressure system? 
What are the modern methods of fireproof construction? What are 
automatic extinguishers ? 


CHAPTER IV 
HYDROGEN 


Occurrence — preparation from water and acids — dis- 
placement — purification — experiments to _ illustrate its 
properties — chemical behavior — reducing agent — uses. 


30. Where hydrogen is found. We have just studied one 
of the elements in water—oxygen; in this chapter we shall 
deal with the other element — hydrogen. This element is 
also a gas, but unlike oxygen it does not occur to any extent in 
a free state in nature. It is found in small amounts as one of 
the constituents of natural gas, an inflammable mixture of 
gases which issues from the ground in certain parts of the world. 
Nearly three-fourths of the illuminating gas used in this country 
is water gas, which is about 38 per cent hydrogen. It is also 
present in combination with other elements in plants, animals, 
and in the human body. 

31. Preparation from water. We have already (§ 19) seen 
that iron, when heated to a moderately high temperature, com- 
bines with oxygen. If we heat iron wire red-hot in a porcelain 
or iron tube and then pass steam through the tube, the hot 
iron combines with the oxygen in the steam, setting free the 
hydrogen, which may be collected. The chemical change in- 
volved in this experiment may be represented as follows : 


iron + water —> hydrogen + iron oxide 
hecromet} [ iron | 


oxygen oxygen 
Hydrogen can be obtained from water even at ordinary tem- 
peratures by means of certain metals. Thus, if a small bit of 


metallic sodium is dropped on water, action begins at once, 
30 
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The metal is very light and runs hissing about on the surface 
of the water. As the action often ends with a slight explosion 
a glass plate should be held up to protect the eyes. We may 
collect the hydrogen which 
is evolved by the action of 
sodium on water as follows : 





Let us take a short piece of 
small lead pipe (about 1 inch 
long and } inch bore) with one 
end hammered together, and 
fill it with freshly cut sodium. 
If we drop this tube with its 
charge of sodium into a dish of 
water, bubbles rise and may be 
collected in an inverted cylin- 
der filled with water (Fig. 23). 


=o 





- If potassium is used the 
action is more violent and 
so much heat is generated 
that the hydrogen is set on Fi: 23: rea: coca part seen 
fire. When calcium is used 

the metal sinks to the bottom of the vessel, so that a bottle 
filled with water can easily be inverted over the metal to col- 
lect the gas as it is formed. In each of these cases the metal 
displaces only one-half of the hydrogen in the water; it com- 
bines with the remaining half and with all of the oxygen to 
form the compound known as the hydroxide of the given 
metal. The chemical reaction of sodium and water may be 
expressed thus: 


sodium + water —> hydrogen + sodium hydroxide 
peel eae 
oxygen 
The sodium hydroxide and potassium hydroxide are very 
soluble in water, but most of the calcium hydroxide is not dis- 


solved and may be seen suspended in the water. 
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32. Action of metals on acids. The most convenient way 
of preparing hydrogen in the laboratory is by the action of 
certain metals on acids. Acids are compounds which contain 
hydrogen and which have certain peculiar properties which 
we shall consider in another chapter. The commonest acid is 
sulphuric, often called ‘“ oil of vitriol.” It is a heavy liquid 
which mixes with water in all proportions. The pure liquid 
is known as concentrated sulphuric acid ; when it is mixed with 
four or five times its volume of water, it is known as dilute ° 
sulphuric acid. Dilute sulphuric acid reacts vigorously with 
commercial granulated zinc, producing hydrogen. If the 
zinc and the acid are pure the action is very slow and must 
be catalyzed by adding a little 
copper sulphate solution to 
the acid. 


The zine is placed in a bottle 
fitted with a two-hole stopper 
(Fig. 24). A long thistle tube 
reaches to the bottom of the 
bottle and is used to introduce 
the acid and also as a safety 
tube. The other tube serves to 
conduct the hydrogen through 
Fig. 24. Apparatus for generating hy- the tube into the pneumatic 
drogen by the action of an acid on zinc. trough. After the apparatus is 

assembled the acid is poured 
through the thistle tube and the action starts at once; a copious 
stream of gas bubbles through the pneumatic trough and may be col- 
lected in bottles. 





The reaction which takes place in this case may be repre- 
sented as follows : 


zinc + sulphuric acid —»> hydrogen + zine sulphate 
hydrogen zine 
sulphur sulphur 
oxygen oxyren 


The other product of the reaction, zine sulphate, is a white 
solid which is soluble in water and can be obtained if the liquid 
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left in the bottle is evaporated. It will be noticed that the ele- 
ment zinc has taken the place of the hydrogen in the sulphuric 
acid, liberating the hydrogen as the free element. This is anew 
kind of chemical change; it is known as displacement. Here an 
element displaces one of the elements from a compound, setting vt 
free, and unites with the rest of the constituents of the compound. 

Other metals besides zinc, such as magnesium, aluminum, 
and iron, may be used to displace the hydrogen of dilute 
sulphuric acid. Other acids, such as dilute 
hydrochloric acid, may be used instead of 
sulphuric. 

33. Purification of hydrogen. When iron 
is used to prepare hydrogen, the gas has a 
distinct odor, due to the impurities usually 
present in iron wire or filings. Even when 
commercial zinc and acid are used, the im- 
purities carried along give it a disagreeable 
odor. We may remove most of the impuri- 
ties by passing the gas through a suitable 
solution containing sodium hydroxide and 
potassium permanganate, and then we may 
absorb the water vapor by the use of a 
drying agent, such as granular calcium 
chloride. Hydrogen when pure is a gas tent color, taste, 
or odor. 





Fig. 25. Kipp gener- 
: ator. 


34. Experiments with hydrogen. A steady stream of hydrogen 
can be conveniently produced by a Kipp generator. This apparatus 
(Fig. 25) is so arranged that it contains a small reserve of hydrogen 
in the middle bulb. When this reserve is drawn on by opening the 
stopcock, fresh acid automatically rises and acts on the zine which is 
also in the middle bulb; this action replenishes the supply of gas. 
If too much gas is generated the acid is forced away from the zine and 
the action stops. In this way a steady stream of gas is delivered. 

First we shall take a wide-mouthed bottle filled with hydrogen and 
apply a flame to its mouth; if the hydrogen is mixed with air, a slight 
pop results, but if free from air it burns quietly. 


Fig. 26. Hydro- 
gen burns but 
the taper does 
not burn in it. 
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If we lift up another bottle of hydrogen and hold 
it mouth down while we insert a lighted taper (Fig. 
26), we find that the hydrogen burns around the mouth 
of the bottle and the taper is extinguished. On being 
withdrawn the taper is again lighted in passing through 
the burning hydrogen. The operation may be re- 
peated several times until the hydrogen is burned up. 
This striking experiment shows that hydrogen does not 
“* support combustion.” 

To show how very light hydrogen is we may at- 
tach a common clay pipe to a hydrogen generator and 
dip the bowl in a soap solution. We may thus fill soap 
bubbles with the gas (Fig. 27). When disengaged from 
the pipe each bubble rises rapidly in the air. The gas 
is so light that a soap bubble filled with it can lift 
another containing air (Fig. 28). 


Another striking experiment which illustrates this same point is 


as follows: suspend an inverted beaker from 
one arm of a balance and then pour hydrogen 
up into it (Fig. 29). The beaker rises. 

We shall next mix equal volumes of air and 
hydrogen by bringing a bottle when only half 
full of hydrogen up out of the pneumatic trough 
so that air takes the place of the water. When 
a flame is brought near such a mixture of gases 
there is a loud explosion. 

When we have hydrogen unmixed with air 


Fig. 27. Soap bubbles 


filled with hydrogen. 


we may attach to the generator a clay-pipe stem to serve as a jet and 


may light the hydrogen. 


The flame is 


very hot but gives no light; it is al- 


Air Hydrogen 


Hydrogen Air 


Fig. 28. Hydrogen bubble lifting another bubble filled 
with air. 


most without color, 
being only slightly 
bluish. 

In order to study 
the product of burn- 
ing hydrogen in air 
we attach a drying 
tube filled with eal- 
cium chloride be- 
tween the jet and 
the generator. When 
all the air has been 
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expelled from the apparatus, the hydrogen burns with a small flame. 
If we hold a cold, dry bell jar over the flame, as shown in figure 30, 
water vapor is soon seen condensing on the jar, and after a short time 
drops of water run 
down the sides. 
35. Properties 
of hydrogen. In 
such experiments 
we have observed 
some of the 
characteristics of 
hydrogen. Like 
oxygen, when 
pure it is a color- 
less, odorless gas. 
It is sixteen times lighter than oxygen, being in fact the light- 
est of all known substances. Since hydrogen is so light a gas 
it escapes through small apertures most rapidly. This is the 
reason why a 
small rubber bal- 
loon filled with 
hydrogen col- 
lapses more rap- 
idly than a simi- 
lar balloon filled 
with illuminat- 
ing gas. The 
solubility of hy- 
drogen in water is 
very slight, being 
even less than 
; that of oxygen. 
Hydrogen can be liquefied by compression provided it is 
first cooled below its critical temperature* (—234° C.). Liquid 


* The critical temperature of a gas is the temperature below which it must 
be cooled before it can be liquefied by any pressure however great. 





Fig. 29. Pouring hydrogen up into an inverted beaker. 





Fig. 30. Water is formed by burning hydrogen. 
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hydrogen is also colorless and when allowed to evaporate rapidly 
it freezes to a colorless solid. 

36. Chemical behavior of hydrogen. We have seen that 
hydrogen burns in the air, and we have already learned that 
the process of burning is the rapid union of a substance with 
the oxygen of the air; we have also learned that when elements 
burn oxides are formed. So in the case of burning hydrogen 
the product is the familiar compound of hydrogen and oxygen 


= hydrogen + oxygen —> water 


Although hydrogen is itself readily combustible yet i is 
not a supporter of combustion; that is, substances will not burn 
in it. At ordinary temperatures hydrogen is not an active 
element. But under certain conditions it does combine with 
many of the elements. For example, if a mixture of hydrogen 
and chlorine is exposed to the sunlight the two gases will com- 
bine with explosive violence to form hydrogen chloride. Under 
the right conditions hydrogen combines with nitrogen to form 
ammonia and with sulphur to form hydrogen sulphide, which 
is the gas that is characteristic of rotten eggs. If a mixture 
of hydrogen and oxygen is heated to about 800° C. a violent 
explosion occurs and water is formed. 


We may prepare a mixture consisting of two volumes of hydrogen 
and one volume of oxygen (§ 57) and pass it into soapy water so that 
a froth of bubbles filled with the mixture is formed. We first remove 
the generator and then set the froth on fire with a long gas-lighting 
taper. The mixture burns with a report like the shot of a gun. 


Although at a comparatively high temperature the combina- 
tion of hydrogen and oxygen takes place with great violence, yet 
these two gases can be left together at room temperature for 
a very long time without chemical action. If, however, we 
introduce certain metals, such as finely divided platinum, 
chemical reaction sets in, and sometimes the platinum becomes 
so warm that it glows from the heat produced by the combi- 
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nation. The platinum undergoes no change, it merely acts as 
a catalyst. We may think of the catalyst as acting like oil 
which is applied to a machine as a lubricant. We grease the 
bearings to make the wheels go around more easily; we add a 
catalyst to make a chemical change take place at a lower tem- 
perature. 

37. Reducing action. Hydrogen will not only combine 
with gaseous oxygen when heated, but will remove oxygen from 
many compounds. 


Copper oxide is a black solid consisting of the two elements copper 
and oxygen. It may be formed by heating metallic copper in the air. 
This oxidation pro- 
ceeds slowly and 
gradually converts 
all the elementary 
copper into the ox- 
ide. 

The apparatus 
shown in figure 31 
is so arranged that 
dry hydrogen may 
be passed over hot 
copper oxide. The 
oxide is placed in _———— 
the glass tube and Fig. 31. Dry hydrogen is passed over hot copper oxide. 
heated with a burner 
until it is almost red-hot. Hydrogen is then passed over it. Water 
is formed and condenses in the tube. Metallic copper is left in the tube 
and can be recognized by its reddish color and metallic luster. 





When hydrogen combines with the oxygen of a compound 
and thus removes it, we say the substance has been reduced. 
Reduction ts therefore essentially the removal of oxygen. During 
this process the hydrogen has combined with the oxygen, form- 
ing water. This change can be expressed thus: 


copper oxide + hydrogen —> water + copper 


joe | hydrogen 
oxygen oxygen 
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The combining of a substance with oxygen we have pre- 
viously defined as oxidation. Therefore the hydrogen has 
been oxidized, the copper oxide has been reduced. Reduction 
is always accompanied by oxidation. If one substance is re- 
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Fig. 32. Dirigible airship R-34 which crossed the Atlantic. 


duced, some other substance must be oxidized. Besides hydro- 
gen there are other substances, such as carbon, which act as re- 
ducing agents, and we shall later see that the terms “ oxidation” 
and ‘“‘ reduction ”’ are often given a somewhat wider meaning.- 

38. Uses of hydrogen. 
Hydrogen gas has a few 
practical applications. 
Because it is the lightest 
known gas it is used to 
fill balloons and dirigible 
airships (Fig. 32). It also 
enters into the process 
by which certain vege- 
table and animal oils are 
changed into hard fats. 
This process is called hy-' 
drogenation and will be 
described in Chapter 
XXIV. Hydrogen for commercial purposes is usually prepared 
by the electrolysis of water. This process was explained in 
Chapter II. 

The flame of burning hydrogen is very hot and is particu- 





Fig. 33. Blast lamp. 


> 
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larly so if oxygen is forced into it in a suitable burner. This 
burner is very similar to that shown in figure 33, which is an 
ordinary blast lamp using illuminating gas and air instead of 
hydrogen and oxygen. The oxyhydrogen flame was formerly 
much used when a very intense heat was desired. It has largely 
been supplanted by the oxyacetylene flame and the electric are. 


SUMMARY OF CHAPTER IV 


HYDROGEN MAY BE PREPARED by: 


(a) reaction between water and a metal; 
(b) displacement in an acid by a metal 
(usual laboratory method) ; 
(c) electrolysis of water (commercial method). 


HYDROGEN IS a colorless, odorless gas. It is the lightest 
known gas. 

HYDROGEN BURNS in oxygen or air, forming water. Itisa 
powerful reducing agent. When a substance is reduced by 
hydrogen, the hydrogen in turn is oxidized. Reduction is always 
accompanied by oxidation. 

THE CHIEF USE of hydrogen is to fill balloons and dirigibles. 
It is also used for the hydrogenation of oils. The oxyhydrogen 
flame was formerly used to produce intense heat. 


QUESTIONS 


1. In what properties are hydrogen and oxygen alike? In what 
are they unlike? 


2. What property has hydrogen which makes it a dangerous sub- 
stance with which to inflate bailoons? 

3. How would you test hydrogen to see if it were contaminated 
with air? 

4. How would you keep a bottle of hydrogen overnight ? 

5. Could pure hydrogen be used in a Bunsen burner instead of 
illuminating gas? 

6. What is the essential difference between oxides and hydroxides? 


7. In the experiment of burning hydrogen to form water, why 
is it necessary to dry the hydrogen? 
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8. Why is oxygen passed through the inner tube of the oxyhydrogen 
blowpipe rather than the outer? 
9. Do we ever have oxidation without reduction ? 
10. Name the three types of chemical reactions which have been 
studied thus far and describe briefly an example of each. 
11. Is it necessary to use a pneumatic trough in collecting hydrogen? 
12. Explain how the thistle tube in the hydrogen generator acts 
as a safety tube. 
13. Hydrogen can be ignited by holding finely divided platinum 
in a jet of the gas. Explain. 


Topic FOR FURTHER STUDY 


Dirigible airships and balloons. What are the relative merits of 
dirigibles and airplanes? What were balloons used for in the World 
War? What properties of hydrogen make it valuable for balloons? 
What properties make it undesirable? Have any other gases been used 
to fill balloons? (Cressy’s Discoveries and Inventions, and Tilden’s 
Chemical Discovery and Invention.) 


CHAPTER V 
GASES AND THEIR MEASUREMENT 


What is the density of a gas—standard conditions — 
atmospheric pressure — effect of pressure on volume, Boyle’s 
Law — effect of temperature on volume, Law of Charles — 
absolute temperature scale — gas equation — correction of 
pressure for water vapor — kinetic molecular theory. 


39. How to get the density of a gas. One of the important 
properties of any substance is its density. In the case of a 
solid or liquid we have only to weigh a definite volume and 
then compute the weight of a unit volume, that is, the number of 
grams per cubic centimeter. But in determining the density 
of a gas, such as air, oxygen, or hydrogen, we have a much 
more difficult problem. This is because gases are all very 
light and therefore hard to weigh, and also because a gas has 
no definite volume since it always fills the containing vessel. 
Then, too, the volume of gases is very much influenced by the 
temperature and pressure to which they are subjected. The 
principle, however, is just the same as with solids and liquids: 
we weigh a given volume of a gas under known conditions of 
temperature and pressure, then compute what the volume 
would be under standard conditions, and finally calculate the 
weight per unit volume, usually the number of grams per liter. 

40. Standard conditions. The relative densities of various 
gases are especially important to the chemist both theoretically 
and practically. It is necessary first, however, to fix on certain 
standard or normal conditions of temperature and pressure. 
Chemists have generally agreed that zero degrees centigrade 


(0° C.) and 760 millimeters (mm.) pressure shall be considered 
41 
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the standard temperature and pressure 
for gases. Not that we shall always 
endeavor to measure gases at 0° C. 
(the temperature of melting ice) and 
760 mm. (the average pressure of the 
atmosphere at sea level) ; but simply 
that, knowing the ac- 

tual temperature and 


= 5 S pressure, we shall cal- 200 
Fig. 34. Differences of level culate what the volume ‘is 
affect volume of gas. of the gas would be 


700 


under these standard conditions. 

41. Measurement of atmospheric pressure. 
Since we usually collect gases over water in a pneu- 
matic trough and make the level of the water in- 
side the measuring jar or bottle the same as that 
of the water outside (Fig. 34 A), we are subjecting 
the gas to atmospheric pressure. To measure the 
pressure of the atmosphere we have simply to 
read the barometer.. The mercurial barometer 
(Fig. 35) consists of a column of mercury which 
just balances the pressure of the atmosphere. 
Usually the instrument consists of a stout glass 
tube about a meter long, closed at one end. This 
has been completely filled with mercury and then 
inverted so that the open end projects into a cup 
or reservoir of mercury. The mercury in the tube 
sinks to a level about 760 millimeters above the 
mercury surface in the cup. The space above the 
mercury in the tube is empty except for a minute 
quantity of mercury vapor; in fact, it is the most 
perfect vacuum that we know how to make. To 
“read the barometer’ means simply to measure _rometer for 
accurately the height of the mercury column aboye M™easuring 


atm: eric 
the surface of the liquid in the reservoir. Such a ome 
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barometer indicates the variations in atmospheric pressure from 
day to day due to fluctuations in the atmosphere itself; it also 
indicates changes of pressure due to changes in the elevation of 


the observer. 


42. How the volume of a gas changes with pressure. In 
order to compute what the volume of a given weight of gas 


would be under standard con- 
ditions, we must first find out 
how much the volume of a 
gas varies as the pressure 
changes. This was first in- 
vestigated for the case of air 
by an Irishman, Boyle (Fig. 
36), and a few years later by a 
Frenchman, Mariotte. The 
results of their experiments 
showed that if we start with 
a given volume of air sub- 
jected. to a certain pressure 
and then double the pressure, 
the volume of air will be re- 
duced to one-half. If the 
pressure is made three times 
as great, the volume of the 
air will be reduced to one- 
third, provided the tempera- 
ture of the air is kept con- 
stant. This was found to be 
a general principle which ap- 
plies to all gases. It is known 





Fic. 36. Rosert Boye 
(1626-1691). 


Pioneer investigator in physies and 


chemistry; studied effect of pres- 
sure on volumes of gases; first to 
realize the difference between ele- 
ments and compounds. 


as BoyLr’s Law and may be stated as follows: The volume of a 
gas at constant temperature varies inversely as the pressure. 
This may also be expressed in symbols, thus: 


Pave: PP 


(note the inverse proportion’ 
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or 


PV=P'V’ I 


where V and V’ denote volumes of a given quantity of gas 
kept at some fixed temperature, and P and P’ denote the cor- 
responding pressures. 


It is easy to illustrate this law by an experiment. Suppose we 
arrange a graduated glass tube 7 as shown in figure 37. This is con- 
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Fig. 37. Apparatus for 
illustrating Boyle's 
Law. Pressure is va- 
ried by raising and 
lowering mercury res- 
ervoir. 


nected by a rubber tube to a small reservoir of 
mercury, which may be raised and lowered. First 
we place the reservoir in such a position that the 
mercury in it is exactly level with that in the 
tube. In this position the air in the tube is under 
atmospheric pressure. We note the volume of 
air. Next we raise the mercury reservoir and 
compress the air until its volume is reduced to 
one-half. When it reaches this point we find 
by measurement that the height of the mereury 
in the reservoir above that in the tube is about 
760 mm. (or whatever the barometer reads). 
Hence, we have subjected the gas within the tube 
to the pressure of an additional atmosphere; in 
other words, there is now twice the pressure 
upon it that there was at first, and its volume is 
reduced to one-half. 

In the same way, if the reservoir be lowered 
until the gas in the tube has expanded to twice 
its original volume, we shall find on measuring 
that the mercury in the reservoir stands 380 mm. 
below that in the tube. Instead of being under 
ordinary atmospheric pressure, the gas is now 
under reduced pressure. It is subjected to a 
pressure of 760 mm. — 380 mm. or 380 mm. In 
other words, the pressure is only half the ordi- 
nary atmospheric pressure, and the volume of 
the gas is doubled. 


43. Use of Boyle’s Law in the correction of gas volumes. 
Suppose a quantity of oxygen has a volume of 1200 cc. and the 
barometer stands at 740 mm. What will be the volume under 
standard pressure (760 mm.) ? 
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According to Boyle’s Law 
PY =P'y" 
Substituting the values given in the problem, we have 
760 V=740 x 1200 


or V =1169 ce. 


It will serve as a useful check on this result to note that the 
gas under standard pressure will be subjected to a greater 
pressure than before, and accordingly its volume will be less. 

Nore. In solving such problems in chemistry it will save much time to 


use a four-place logarithmic table or, better still, a slide rule. Generally it is 
sufficiently accurate to get three significant figures (§ 115) in the answer. 


PROBLEMS 


1. What volume will 45 ce. of hydrogen occupy when its pressure 
changes from 770 mm. to 750 mm.? 


2. If 380 ce. of oxygen were measured at 745 mm. pressure, what 
would be the volume at 760 mm. ? 

3. A gas under a pressure of 60 em. has a volume of 645 ee. What 
will be its volume under a pressure of 80 em.? 


4. If a certain quantity of gas under standard pressure (760 mm.) 
occupies 950 ec., find what volume it would occupy when subjected 
- to a pressure of 77 em. 


5. Oxygen is sold in steel cylinders under a pressure of 150 pounds 
per square inch. As the gas is used the pressure drops. When it 
has dropped to 30 pounds, what fractional part of the original gas 
remains? 


44. How the volume of a gas changes with the temperature. 
We all know that nearly everything expands when heated. 
For example, the mercury or alcohol in a thermometer expands 
and so rises in the stem when warmed. But perhaps we are 
not familiar with the fact that gases when warmed expand 
much more than liquids; thus, air expands about nine times 
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as much as water. Even more remarkable, however, is the 
fact that all gases expand at nearly the same rate. 


By the following experiment it is easy to measure in a rough way 

the amount which gases expand. Suppose we take a glass tube of 

uniform bore (about 1 or 2 mm. in diameter) which has 

been closed at one end and which contains a little pellet 

of mercury to separate the inclosed gas AB (Fig. 38) 

from the atmosphere. (Dry air is a good gas with which 

to experiment.) If we put the tube down into a pail 

af of cracked ice (a freezing mixture at 0° C.), the gas in 

the tube will contract and we can measure this length 

| AB of the column of gas, which we shall assume to be 
5 


i} 
& 


273 mm. If we put the tube into steam at 100° C., the 
gas will expand and we can measure its length again. 
This length AB’ we shall find to be about 373 mm. 
From this experiment we see that the air expanded 
1 mm. for each degree rise in temperature (the expan- 
sion of the glass can be neglected). That is, the gas 

has expanded x4— or 0.00366 of its volume at O°C. for 
A 


o 
Q 


by 
218: 9en—__——a 


each degree rise in temperature. 


Fig. 38. Tube 45. Absolute temperature scale. In the ex- 
Sty air ana periment just described we started with an air 
a pellet of column 273 mm. in length at 0°C.; if we had 
are cooled the gas from 0°C. to —1°C., the length 

would have been shortened a millimeter; and if we had cooled 

it to —10° C., the length of the air column would have become 

263 millimeters. If, then, the air column continued to con- 

tract at the same rate when cooled indefinitely, the volume of 

the air at —273° C. would become zero. As a matter of fact, 

we can never get a gas to so low a temperature as —273° C., 

because every known gas turns into a liquid before that tem- 

perature is reached. This temperature —273° C. is, however, 
one of unusual interest in the study of gases. It is called the 
absolute zero, and temperatures measured from this point as 
zero are called absolute temperatures. Absolute temperatures 

may be designated by the letter A. Thus, 0° C. is 273° A., 

50° C. is 323° A., and 100° C. is 373° A. To change any tem- 
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perature from the centigrade to the absolute scale, we have 
merely to add 273 degrees (Fig. 39). 

The peculiar interest which this new thermometer scale has 
for the chemist lies in the fact that the volumes which a given 
weight of gas occupies at two different temperatures are di- 
rectly proportional to the absolute temperatures. From this 
discussion of absolute temperatures it will be seen that the 
volume of any gas is doubled when its temperature is raised 
from 273° A. (0° C.) to 2 X 273° or eee ae oe 
546° A. (273° C.). 100°--~ Boiling Pointaf--—1 13° 

46. The Law of Charles. A little : 
more than a century ago a French- i etek Toecer eee 
man, Charles, studied the expansion iis Preeti na 213° 
of gases under constant pressure and 
discovered that all gases expand and 
contract to the same extent under the 
same changes of temperature, pro- 
vided there is no change in pressure. 

In general, the volume of a gas is 
very nearly proportional to its abso- ee Ma a a abil 
lute temperature when the pressure _ -273° }--- Absolute Zero----4 0° 
is kept constant. This is known as_ Fig. 39. Centigrade and abso- 

lute temperature scales. 
the Law or CHARLES. 

This relation between the volume and temperature of a gas 
can be very concisely expressed algebraically; 


me Il 
where V and V’ represent the volumes of a certain quantity of 
gas at the same pressure but at different absolute temperatures, 
Tand T’. If tis the temperature on the centigrade scale when 


the volume is V, then T=273 + t; similarly, T’=273 +0’. 


For EXAMPLE, suppose we have a quantity of gas which measures 
320 ce. when the temperature is 15°C. What volume will this occupy 
at 0°C.? 
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First change the centigrade temperatures given in the problem 
to absolute temperatures by adding 273 and then substitute in the 
equation for the Law of Charles: 


Von eee 
320 273415 


320 X 273 
V= Seat a 303 ee. 


or 


In solving such problems the student would do well to com- 
pare his result with the original volume to see whether it is 
reasonable. If the temperature of a gas measured in the 
laboratory is 20° C., then the gas under standard conditions 
would contract about 7 per cent. 


PROBLEMS 


1. What volume would 160 ce. of oxygen, measured at 17°C., 
occupy at 0°C.? 


2. If 250 ec. of gas were measured at —10°C., what will be the 
volume at standard temperature? 


3. A quantity of gas occupies 100 ec. when measured at (0c. 
What will it measure when heated to 30° C.? 


4. Given 560 ec. of hydrogen measured at 10°C. If the gas is 
heated to 20° C., how many cubie centimeters will it then oceupy? 


5. What change in volume would occur if 2 liters of gas at 200°C. 
were cooled to 0° C.? 


47. The gas equation. In practice the chemist usually has 
to make corrections for both the pressure and the temperature 
in reducing his volume of gas to standard conditions. It will 
therefore be helpful to combine the Laws of Boyle and Charles 
into one equation : Py _P’y' td 

BS one i 
It will readily be seen that this equation reduces to equation I 
(Boyle’s Law) when 7'=T", and that if P=P’ the equation 
becomes V/T=V’'/T", which is another form of equation Il 
(Charles’ Law). Equation III is called the gas equation. 


i 
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For EXAMPLE, suppose we wish to find the volume of a certain 
quantity of gas under standard conditions, that is, at 0° C. and 760 mm. 
pressure, when it is known to occupy 1200 ce. at 15°C. and under a 
pressure of 740 mm. 

Substituting in equation III we have 


1200 x 740 _ V’ X 760 
23+15  273+0 


y1 = 1200 x 740 X 273 _ 1110 60, 


pene 760 X 288 


48. Correction for water vapor. As we have said, the 
chemist in the laboratory usually collects gases over water, and 
in this case there is one more correction to be applied. When 
a gas is collected over water and the level of 
the water is the same within and without the 
measuring vessel, the inclosed gas is under 
atmospheric pressure. But to some extent 
water has evaporated into the vessel, and a 
part of the volume inclosed is due to the water 
vapor and not to the gas. This water vapor 
exerts a certain pressure, depending on the 
temperature. 


We may demonstrate this pressure of water vapor 
by the following experiment: We take a strong 
glass tube (about 90 em. long) closed at one end 
and fill it completely with clean mercury. If we 
close the opening with the finger, we may invert it 
in a small dish of mercury. Then we introduce into Fig. 40. Mercury 
the vacuum above the column of mercury a drop parr Tk 
of water with a medicine dropper, as shown in figure . 
40. The drop AB in the mercury column is equal to the pressure of 
the water vapor and increases as the temperature rises. 





Therefore the pressure inside a bottle of gas collected over 
water is the pressure of the gas plus the water-vapor pressure, 
while outside it is simply atmospheric pressure. What we 
want, however, is simply the pressure exerted by the gas col- 
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lected. Since we cannot easily remove the water vapor, we 
can do what amounts to the same thing. We subtract the 
pressure of the water vapor (aqueous tension), expressed in 
millimeters of mercury, from the barometric pressure, and the 
result is the corrected pressure. ‘This we use in our calculation. 


Nors.—A table in the Appendix gives the pressures due to water 
vapor at various temperatures. 

For EXAMPLE, suppose a gas measured 300 cc. over water when 
the barometer read 740 mm. and the temperature was 25°C. What 
would be its volume under standard conditions? 

From the table for aqueous tension we see that the pressure of 
water vapor at 25°C. is 24 mm.; therefore the corrected pressure is 
740 —24, or 716 mm. 

Substituting in the gas equation, we have 


300 x 716 _ V’ x 760 


298 273 
whence V’ = 259 ec. 
, PROBLEMS 


1. A gas measured 1050 ee. at 740 mm. and 22°C. What would 
be its volume under standard conditions? 


2. A quantity of hydrogen and water vapor standing over water 
in a measuring tube has a volume of 45.3 ec. The temperature is 
22°C.; the barometerreads 738 mm. Correct the volume of hydrogen 
to standard conditions. f De 


3. Ten liters of gas stand over water at 20°C. with the barometer 
reading 75 em. The gas is passed through a drying agent and col- 
lected over mereury. If the temperature and barometric pressure 
remain constant, what will be its volume? 


49. Kinetic theory of gases. It is really a surprising fact 
that the volume of all gases should be equally affected by 
changes of pressure and temperature. To explain the pressure 
exerted by gases it is now generally supposed that all gases are 
made up of very minute particles called molecules. These 
molecules are so minute that we cannot see them even with 
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the most powerful microscope. In one cubic centimeter of a 
gas there are probably not less than 101° (that is, 1 followed by 
nineteen ciphers) molecules. The spaces between the molecules 
are supposed to be much larger than the molecules themselves. 
This explains why gases are so easily compressed. 

Then, too, it is conjectured that these little particles are 
flying about in all directions with great velocity and are travel- 
ing in straight lines, except when 
they hit each other and bounce off. 
The molecules of a gas seem to 
have no inherent tendency to stay 
in one place. This explains why 
gases diffuse so quickly and fill 
the whole interior of a containing 
vessel. 


We may show the diffusion of bro- 
mine vapor by pouring a little liquid 
bromine into a cylinder. The red liquid 
quickly evaporates and diffuses up 
through the whole cylinder (Fig. 41). 


The blows which the innumer- 
able molecules of a gas strike 
against the surrounding walls con- 
stitute a continuous force tending 
to push out these walls. This ac- 
counts for gas pressures. When a gas is compressed to half its 
volume the pressure is doubled, because doubling the density 
doubles the number of blows struck per second against the 
walls. According to this theory the expansion of a gas when 
heated is due to the more rapid movement of its molecules 
and to their requiring, in consequence, more room in which to 
fly about. 

In liquids we think of these molecules as being closely 
packed together; but in gases they are widely scattered with 





Fig. 41. Diffusion of bromine 
vapor upward. 
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much vacant space between them. Thus a gas may be con- 
sidered as a swarm of very minute particles. All laws of gases 
can be explained by this kinetic molecular theory. 


SUMMARY OF CHAPTER V 


DENSITY of a gas means the weight in grams of one liter of 
the gas under standard conditions. 

STANDARD CONDITIONS are temperature 0°C. and pres- 
sure 760 mm. of mercury. 

PRESSURE of a gas is made equal to atmospheric pressure by 
equalizing the water levels inside and outside the bottle. 

BOYLE’S LAW: Volume of a gas at constant temperature varies 
inversely as pressure. ‘ 

DENSITY of a gas varies directly as pressure. 

LAW OF CHARLES: Volume of a gas under constant pressure 
varies as the absolute temperature. 

ABSOLUTE TEMPERATURE scale begins 273° below centi- 
grade zero. 

, , 

GAS EQUATION: orate 

To correct for water vapor subtract aqueous tension from baro- 
metric pressure. 

A GAS is supposed to be a vacant space with minute particles 
scattered throughout. These particles are called molecules and 
are supposed to be flying about in all directions with great 
velocity. Warming a gas causes more violent vibration of its 
molecules. Pressure of a gas is due to the blows which these 
molecules strike against the surrounding walls. 


QUESTIONS AND PROBLEMS 


1. Why are gases so much more susceptible to changes in temper- 
ature and pressure than solids? 

2. What advantages have 0° C. and 760 mm. as standard econdi- 
tions over some other more common conditions? 

3. When we say the pressure is 760 mm. what does that really 
mean ? 


QUESTIONS ae 


4. What condition as to temperature must always be stated in. 
Boyle’s Law? 

5. What condition as to pressure is assumed in stating the Law 
of Charles? 

6. How would you actually go to work to weigh a gas? 

7. If the water levels inside and outside the measuring vessel 
could not be conveniently equalized (Fig. 34 B and C), how would 
you make correction for this fact? 

8. What do you suppose is the condition of the molecules at abso- 
lute zero? 

9. If a gas is collected over mercury, do we need to make a correc- 
tion for the pressure of the mereury vapor? 

10. Why should you expect the pressure of water vapor to increase 
with the temperature? 

11. What would be the aqueous tension at 100° C.? 

12. It is an experimental fact that a gas, even if heavier than air, 
gradually leaves an open cylinder. How does the kinetic theory 
explain this? 

13. The barometric pressure in the laboratory is generally less than 
760 mm. Will the corrected volume be greater or less than the 
observed volume of a gas? 

14. In collecting a gas over water the bottle is first filled with water 
and then inverted in a pneumatic trough. What keeps the water up 
in the bottle? 

15. A certain quantity of oxygen measures 40 cc. when the pressure 
is 765 mm. and the temperature is 15° C. What will be its volume 
when the pressure is 740 mm. and the temperature is 25° C.? 

16. Twenty cubic centimeters of hydrogen is contained in a measur- 
ing tube in which the level of the water is 39 mm. above the outside 
level; find the corrected pressure. Assume that the barometer stands 
at 740 mm., and the temperature is 21° C. 


CHAPTER VI 
WATER AND ITS COMPOSITION 


Occurrence and importance — characteristic properties — 
change of state — solvent power of water — impurities in 
water — purification of drinking water. 

Chemical composition of water — electrolysis — synthesis 
by volume — Gay-Lussaec’s Law of Volumes — synthesis 
by weight — percentage composition. 


50. Occurrence and importance. Water is the most familiar 
of all chemical compounds. It covers about five-sevenths of 
the earth’s surface and is present in varying amounts in many 
of the commonest objects. The soil under normal conditions 
contains water, which, as we all know, is necessary to the 
growth of plants. The plants themselves contain large quanti- 
ties of it; in fact, most of the vegetables used for food are at 
least three-quarters water. The human body consists of about 
70 per cent water, which is derived from our food and drink. 
The presence of water vapor in the atmosphere, its formation 
into rain and snow under varying conditions, and the important 
part it plays in climatic changes are familiar to everyone. 
Because water is fundamentally so important in the growth of 
plants and animals and in the production of climatic changes, 
it is not too much to say that life without it is impossible. 

51. Characteristic properties. Pure water is an odorless liquid. 
In small quantities it is colorless, but large masses show a dis- 
tinct blue color. When sufficiently cooled it solidifies to a color- 
less solid commonly known as ice; when heated it boils and 
changes rapidly into water vapor, or, as it is usually called, steam. 

One cubic centimeter of water at 4° C. weighs 1 gram. Its 
density at 4° C. is, therefore, one gram per cubic centimeter. 

54 
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The specific gravity of a substance is the ratio of its density to 
the density of water. Thus, the specific gravity of mercury is 
13.6, which means that it is 13.6 times as heavy as water. 

52. Changes of state. When liquid water freezes into ice 
or boils off as steam, we say that it has changed its state. All 
materials can be classified as solid, liquid, or gaseous. These 
are called the three states of matter. The transformation 
from one to another is a purely physical change, and the tem- 
perature at which it takes place is a very important physical 
property of the substance. The temperature at which water 
freezes to ice is taken as 0° on the centigrade thermometer and 
is marked 32° on the Fahrenheit scale. The centigrade scale 
is the one that is used in nearly all scientific work. The tem- 
perature at which solid ice melts to 
water is also 0° C. Liquid water is 
always passing to some extent into 
the gaseous state, a process which is 
called evaporation, familiar to every- 
one as the way in which wet clothes 
slowly dry. Since water vapor is a 
gas it is invisible, and the white 
clouds which are sometimes called 
steam are not gaseous water at all, 
but consist of very fine drops of . 
water formed by the vapor as it sud- 
denly returns to the liquid condition. 





We may demonstrate that gaseous Fig. 42. Cloud of “steam” 
water, or ‘live steam,” is invisible by es disappears when heated 
the following experiment: We place a . 
little water in a large flask provided with a one-hole stopper and bent 
tube, as shown in figure 42 A. When the water boils rapidly a cloud 
of ‘‘ steam ” escapes from the tube. It will be seen that the flask is 
clear although full of steam. If we now hold under the jet of steam 
another Bunsen burner (Fig. 42 B), the cloud at once disappears 
because the flame has warmed the air so that the steam does not con- 
dense. 
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The evaporation of water at ordinary temperatures is slow 
but becomes more rapid as the temperature rises. When the 
temperature is raised sufficiently high, bubbles of water vapor 
rise through the liquid and the water is said to boil. At this 
point the evaporation is very rapid. The temperature at 
which this phenomenon takes place depends on the barometric 
pressure (Chapter V). The boiling point of water at 760 mm. 
pressure is 100° C. The temperatures at which a substance 
freezes and boils are called the melting point and the boiling 
point respectively. 

53. Solvent power of water. Water will dissolve a great 
many substances; for example, salt and sugar. This process, 
in the simpler cases at least, is probably merely a mechanical 
one. We may consider the liquid which is formed by dissolving 
sugar in water (called a solution) as a mixture. We use water 
to make solutions of a great many different substances, both 
because water is cheap and easily obtained and because it will 
dissolve so many materials. We speak of the liquid which is 
used in making a solution as the solvent; we express the ease 
with which water dissolves substances by saying it has great 
solvent powers. (See Table of Solubilities in Appendix.) 
A water solution of a material is often called an aqueous solution. 

54. Natural waterisimpure. Since water is such an excellent 
solvent it is never found pure. Sea water, for example, has a 
considerable amount of common salt and many other sub- 
stances dissolved in it. Water obtained from certain wells 
and springs contains only a small amount of dissolved ma- 
terial; but the purest form of natural water is rain water. 
Even this, however, contains dust from the air and dissolved 
gases. Besides the dissolved impurities natural water usually 
has a great deal of material mechanically suspended in it. 
This generally consists of very fine particles of soil and causes 
what is commonly called ‘ muddy water.” 

Still another sort of impurity is organic matter, which is 
partially suspended and partially dissolved and which con- 


- called distillation. The water is 
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sists of compounds formed from plants and animals. These 
come from the plant life in the soil and from sewage. Associated 
with the organic material and living on it are microdrganisms, 
or bacteria, many of which cause disease. Their presence in 
water is almost always due to contamination with the waste 
products of animal life. Certain diseases, for example typhoid 
fever, are often contracted by drinking water which is thus 
polluted and into which the typhoid bacteria have found their 
way from persons suffering with the disease. Because water 
contaminated with sewage is very 
dangerous, towns and cities must 
go to extreme measures to obtain 
their supply from uncontaminated 
sources, and, if this is impossible, 
to purify carefully the water which 
is used. 

55. Purification of water. Water 
may be purified in four ways. Only 
the first produces really pure water. 
The other methods remove or de- 
stroy some of the materials which 
make it unfit for drinking pur- 
poses. 

(1) Distillation. All the dis- 
solved and suspended materials 
can be removed by a: process 





: < “ Fig. 43. Making distilled water 
boiled in a vessel which is so ar- athe laboratory. 


ranged that the steam will pass 

through a cold tube and again return to the liquid con- 
dition (Fig. 43). This change of water vapor to liquid water 
is called condensation, and the apparatus in which it takes 
place is called a condenser. The water which drops from 
the end of the condenser is pure, the impurities being left 
behind in the vessel in which the water was boiled. Distilled 
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water, as it is called, is used in the laboratory when pure water 
is desired. It is sometimes used for drinking purposes but 
has a peculiar “‘ flat’ taste because it contains no dissolved 
air or other materials. This taste may be partially removed 
by bubbling air through the water, which dissolves a small 
quantity of the air and thus becomes more palatable. 

(2) Filtration. The suspended material in water may be 
removed by filtration. This is done on a large scale in cities 





Fig. 44. Filtering water through beds of sand. 


where the only supply comes from muddy rivers, or similar 
sources. The water is allowed to pass slowly through beds of 
gravel and sand (Fig. 44). The suspended material is caught 
between the small particles of the sand and retained. The 
water issuing from the bottom of the filter bed still contains all 
the dissolved impurities, but it is free from suspended matter 
and is much more suitable for household uses. 

(3) Boiling. Water which contains harmful bacteria may 
be made fit to drink by boiling for a short while. This so- 
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called process of purification does not really remove any of the 
impurities, but merely kills the microdrganisms (Fig. 45) which 
cause disease. These minute forms of plant life cannot live 
at the temperature of boiling water. When they are dead they 
can no longer cause disease. This method 
of treating water is very effective from the 
standpoint of health, but is too expensive 
to be utilized except on a small scale in 
special emergencies. 

(4) Chemical treatment of drinking 
water. The bacteria may be destroyed 
by other methods besides boiling. A 
number of chemical substances when yi, 4. Bacteria some- 
added to water in very small amounts _ times found in drinking 
kill the microdrganisms. Chlorine and ea GGneaty mas. 
hypochlorous acid are two such materials ; 
but we shall reserve a full discussion of this method of purifica- 
tion until we have considered these substances. This process 
of chemical purification is rapidly becoming very important. 
A process closely akin to it is the way in which natural run- 
ning water will in time purify itself. The oxygen of the at- 
mosphere dissolves in the water and chemically acts on the 
bacteria, destroying them. This is a slow process, but in a 
modified form has been used to some extent for purifying city 
water. The water is sprayed into the air in fountains, thus al- 
lowing as much opportunity as possible for the chemical action 
of the air. 
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56. Decomposition of water. We have already seen (§ 9) 
that water may be decomposed by an electric current into 
hydrogen and oxygen. This chemical change can be repre- 


sented thus: water —> hydrogen + oxygen 


Besides this fact we recall that the volume of hydrogen generated 
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Fig. 46. A mixture 
of hydrogen and 
oxygen prepared 
by electrolysis. 


more 


decisive 
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was double that of the oxygen. Knowing the 
densities of hydrogen and oxygen we might com- 
pute the weights of these gases, which are the 


percentage composi- 
tion of water. 

57. Synthesis of 
water by volume. 
The electrolysis of 
water is a method of 
decomposition, or 
analysis, which means 
“tearing apart.” <A 
determination of the 


composition of water is brought about 
by an actual observation of the fact 
that the gases hydrogen and oxygen 
unite in the proportion of two volumes 





Fig. 47. Eudi- 
ometer tube 
containing a 
mixture of 
hydrogen and 
oxygen. 


of hydrogen to one of 
oxygen to form water. 
This process of experi- 
mentation is called syn- 
thesis, which means 
“ putting together.” 


The experiment of com- 
bining the two gases is usu- 
ally carried on in a piece of 
apparatus called a eudiom- 
eter. This is a graduated 
glass tube with two platinum 
wires fused through the glass 
near the closed end. There 


constituent elements in water, and so get the 





Fig. 48. Volume of steam 
produced by union of hy- 
drogen and oxygen. 


is a spark gap of 2 or 3 mm. between the ends of the 


wires. 


The tube is first entirely filled with mereury and 


inverted in a jar of the same liquid. Then a mixture 
of one volume of oxygen and two volumes of hydrogen 
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is prepared by electrolysis (Fig. 46) and introduced into the tube 
(Fig. 47) until it is about three-fourths full of gas. An electric spark 
from an induction coil causes the gases to combine, and at once 
we see that the mercury rises 
until it reaches the top of the 
tube. The water formed has 
condensed to a slight dew. 

If the experiment is per- 
formed with the tube surrounded 
by a wider one through which 
steam passes (Fig. 48), the con- 
densation of the resulting steam 
is prevented. In this case it is 
found that, wher all the gases 
are measured at the same tem- 
perature (about 100° C.) and at 
the same pressure, a shrinkage of 
one-third has occurred. (Care 
must be taken to adjust the ap- 
paratus so that the top of the 
mercury in the tube, both before 


and after the change, is at the Fic. 49. JosepnH Louis Gay-Lussac 
same height above the free (1778-1850). 


surface Ge ie meteiry in the -4 hronch chemist noted for his researches 
jar.) on the combining volumes of gases. 





This experiment shows that the volume of the steam is just 
equal to the volume of the hydrogen. In other words, 


2 vol. hydrogen+1 vol. oxygen —> 2 vol. steam. 


58. Gay-Lussac’s law of volumes. It is astonishing that 
the combining volumes of these gases should bear this simple 
and exact ratio to one another. When other gases are care- 
fully studied in the same way, it is found that the volumes of 
gases used and produced in a chemical change can always be 
represented by the ratio of small whole numbers. ‘This exceed- 
ingly interesting fact was discovered by Gay-Lussae (Fig. 49) 
in 1808. 
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59. Composition of water by weight. To determine the 
relative weights of the elements which are combined in water, 
we take advantage of the reaction between hydrogen and copper 
oxide. In this experiment we weigh the water produced by 
reducing a known weight of copper oxide. The loss in weight 
of the copper oxide gives us the weight of the oxygen used, and 
the difference between the weight of the water formed and the 
weight of the oxygen 
gives the weight of 
the hydrogen. The 
apparatus is essen- 
tially the same as 
that already shown 
in figure 31. The 
copper oxide (A in 
Fig. 50) is reduced; 
the water is collected 
and weighed in a 
U-tube (B) contain- 
ing a drying agent, 


Fig. 50. Apparatus for finding the relative weights such as calcium chlo- 
of hydrogen and oxygen in water. 






— D 
Hydrogen \L 


ride. 

This method of determining the composition of water was 
first used in 1820 by Berzelius, and the work was repeated in 
1843 by Dumas. In recent years the American chemist Morley 
has determined the composition of water with very great 
precision. According to the results of his experiments, 1 part 
by weight of hydrogen combines with 7.94 parts by weight of 
oxygen to form water. This is often called the gravimetric 
synthesis of water. 

Such an experiment in which the weights or volumes of the 
materials involved are carefully measured is called a quantita- 
tive experiment. The other sort of experiment in which we 
observe only the nature of the change and the properties of the 
products is called a qualitative experiment. 
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60. Percentage composition of water. This experiment 
illustrates very well the Law of Definite Proportions; for it is 
found that all samples of pure water, from whatever source, 
show when analyzed that 1 part by weight of hydrogen has 
combined with 7.94 parts by weight of oxygen. From the 
fact that there is no change of weight during a chemical change 
(Law of Conservation of Matter) we know that the hydrogen 


must be sa or 11.2 per cent of water, and that ui oxygen 


oi or 88.8 per cent of water. In other words, water 
as about ; oxygen and ; hydrogen by weight. 


must be 


SUMMARY OF CHAPTER VI 


WATER is one of the most important compounds. 

Water exists in three states: solid (ice), liquid, and gaseous 
(steam). It freezes at 0° C. and boils at 100°C. One cubic 
centimeter of water at 4° C. weighs 1 gram. 

Water is an excellent solvent for many substances; resulting 
solutions are called aqueous solutions. 

NATURAL WATERS are impure; they contain dissolved and 
suspended material and sometimes bacteria. 

PURE WATER can be prepared by distillation. Suspended 
material may be removed by filtration. Disease bacteria may be 
destroyed by boiling, or by adding small amounts of certain chem- 
icals. 

THE COMPOSITION of water can be shown by analysis and 
by synthesis. Two volumes of hydrogen unite with 1 volume of 
oxygen to form 2 volumes of steam. 

LAW OF GAY-LUSSAC: The volumes of gases used and pro- 
duced in a chemical change can always be represented by the ratio 
of small whole numbers. 

COMPOSITION OF WATER BY WEIGHT: 1 part by weight 
of hydrogen and 7.94 parts by weight of oxygen. 
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QUESTIONS AND PROBLEMS 


1. How would you prove that a certain colorless liquid was water? 


2. How would you proceed to determine the total amount of 
solids present in a sample of water? 


3. Why is rain water the purest form of natural water? 

4. How could a steamship in mid-ocean obtain a supply of drink- 
ing water? 

5. Can water be purified by freezing? 

6. How would you destroy bacteria in water? 

7. How could you prove that the air of the laboratory contains 
water vapor? 

8. How could you demonstrate that ‘‘ live steam ”’ is colorless? 


9. Name two or more other substances besides water which exist 
in three states. 


10. Name two other common solvents besides water. 

11. Why do we need to drink water? 

12. If one liter of hydrogen under standard conditions weighs 
0.09 grams, and one liter of oxygen under the same conditions weighs 
1.43 grams, calculate from the results of the electrolysis of water 
its composition by weight. 

13. When 20 ce. of hydrogen and 8 ce. of oxygen are placed in a 
eudiometer and ignited, what volume of steam is formed? What 
gas and how much of it remain in excess? 

14. In studying the composition of water by weight Dumas obtained 
the following results : . 


Weight of waterformed. . . . . . + + « 945.489 g. 
Oxygen taken from copper oxide. . . . . . 840.161 ¢. 
Weight of hydrogen in water . . . . . » » 105.278. 


Compute the percentage composition of water from these figures. 


15. A current of steam is passed over some clean iron filings 
which weigh 4.131 g. The iron filings are found to have increased in 
weight to 4.846 g. (a) What weight of steam has been decomposed 
in this experiment? (b) What weight of hydrogen has been set free? 
(c) What volume would it occupy under standard conditions ? 

(Assume 1 liter of hydrogen weighs 0.09 grams.) 


REVIEW QUESTIONS — TOPICS FOR FURTHER STUDY 65 


REVIEW QUESTIONS 


1. Write a careful statement of five Jaws which we have studied 
thus far. 

2. Describe a laboratory experiment to illustrate each of these 
laws. 

3. Write out a definition of each of these technical terms as used 
in chemistry: element, substance, mixture, compound, alloy, catalyst, 
solvent, boiling point, melting point, absolute zero. 

4. Give an illustration of the correct use of each of the terms men- 
tioned in number 3. 

5. Describe two methods of showing experimentally that water con- 
tains hydrogen and oxygen, and explain the tests which must be applied 
in each ease. 


Topics FOR FURTHER STUDY 


Drinking water. What is the source of your water supply? What 
methods of purification are used? Make a trip to the local water 
works. Is the appearance of water a safe indication of its desirability 
for drinking purposes ? 

Importance of water to life. What is the réle of water in climatic 
changes? Is the prosperity of a country affected by the rainfall? 
What has been done in recent years to supply water to arid regions? 
How do you account for the presence of so much dissolved material in 
the sea, and so little in rivers, ponds, and most lakes? 


CHAPTER VII 


‘ 


THE TWO OXIDES OF CARBON 


Dioxide — production by burning and decay — test — 
used by plants — preparation by action of acids on ecar- 
bonates — experiments — properties — liquid and _ solid — 
commercial uses. 

Monoxide — produced in coal fire — by reduction — from 
formic acid — properties — uses. 

Composition of the dioxide and monoxide — Law or 
MoLtTIPLE PROPORTIONS. 


61. Production of carbon dioxide. When we burned char- 
coal (carbon) in oxygen (§ 19), the product was a gas which 
we called carbon dioxide. This process is going on all about 
us wherever charcoal, coke, coal, or wood — fuels which are 
largely composed of carbon —are being burned. This same 
gas is being produced on an even greater scale by the slow 
combustion of food in animals, and by the decay of wood and 
dead leaves. 

One of the essentials of the life process in animals is the slow 
oxidation of the food which has been consumed ; this oxidation 
liberates the heat which keeps the body warm. The oxidation 
takes place by means of the oxygen of the air which is breathed. 
The products of the combustion — carbon dioxide and water 
vapor — are exhaled with each breath. 


We may prove that carbon dioxide is present in the breath by a 
simple experiment. If by means of a glass tube we blow through 
some clear limewater* in a large test tube, as shown in figure 51, we 


* To make limewater, place a handful of powdered lime in a big bottle and 
fill this up with water; cork it up, and shake it for a minute. Then leave the 
mixture overnight to settle and pour off the clear solution for use. 
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notice that at first the breath bubbles produce practically no change; 
but as soon as the breath comes from farther within the lungs, the clear 
liquid quickly becomes milky, showing the presence 
of carbon dioxide. The production of milkiness in 
limewater is a characteristic of carbon dioxide. 

To demonstrate the fact that carbon dioxide is 
produced when any carbon compound is burned 
in the air, we may set fire to a piece of paper and 
drop it while burning into a dry bottle. We then 
pour in a little limewater, cover the bottle with a 
glass plate, and shake it up. 

We may also hold a dry bottle inverted over a 
candle flame and show the presence of carbon di- 
oxide by means of limewater. 


62. How plants use carbon dioxide. At 
first thought it would seem that the constant pig. 51. Blowing 
production of this great amount of carbon through limewater 
dioxide must fill the atmosphere with the ee 
gas. The fact is, however, that when pure dioxide in the 
air in the country is analyzed, it is never ear 
found to contain more than three or four 
hundredths of one per cent of it. This is be- 
cause most plants reverse the process which 
takes place in animals; they absorb carbon 
dioxide from the air and give off oxygen. 





The liberation of the oxygen can easily be 
shown by placing a green plant under water in a 
jar, as in figure 52, and then setting the jar in 
the sunlight. Bubbles of gas appear on the leaves, 
grow larger, and then detach themselves and rise 
to the top. This gas may be collected in a test 
tube and tested with a glowing splinter of wood. 
It is oxygen. 


Fig. 52. Greenleaves = We shall see in the next chapter that the 
give off oxygen. 5 hod é = 
small amount of carbon dioxide in the air 


varies very little ; it is of the greatest significance because of the 
intimate relation it bears to the life of all plants and animals. 
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63. Preparation of pure carbon dioxide. It is possible 
to prepare pure carbon dioxide by burning carbon in oxygen, 
but it is difficult to separate the gas from the unused oxygen. 
In the laboratory it is usually prepared by the action of an 
acid on marble, which is a chemical compound called calcium 
carbonate made up of the elements calcium, carbon, and oxygen. 
When a dilute acid, such as hydrochloric acid, is brought into 
contact with a carbonate, a vigorous effervescence, or bubbling, 
takes place and continues until either the marble or the acid 
is all used up. This effervescence somewhat resembles boiling, 
except that the vapor which rises in boiling is always the same 
substance as the liquid from which it comes. 


To collect the gas evolved in this chemical action we may use the 
same apparatus as in preparing hydrogen (Fig. 24). Pieces of marble 
are placed in the bottle and dilute hydrochloric acid is poured in through 
the thistle tube. The action starts at once and the gas may bé col- 
lected as usual in bottles in the pneumatic trough. 


64. Experiments with carbon dioxide. To study the 
properties of this gas we may perform the following experi- 
ments: 


(1) A lighted taper is inserted into a bottle of the gas. The flame 
is at once put out. 

(2) We dip a stirring rod into some limewater and then withdraw 
it so that a clear drop hangs from its end. If this is lowered into a 
bottle of the gas it immediately becomes clouded, or milky, in appear- 
ance. This is a test for carbon dioxide. 

(3) We may lower a short piece of lighted candle into a wide- 
mouthed beaker and then pour the gas from one of the bottles over 
the candle. The candle goes out, which shows that this gas is heavier 
than air. 

(4) Let us color some water with a few drops of a dye solution 
known as litmus, and let gas from the generator bubble through it 
for a few minutes. It will be noticed very soon that the litmus has 
turned red, which is a proof of the presence of an acid. This gas dissolves 
to a small extent in water, and the resulting solution, as we have seen, 
is an acid. For this reason the gas is often called in commerce “ car- 
bonic acid gas.”’ 
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65. Properties of carbon dioxide. In our experimental 
study we find that carbon dioxide is a gas without color or odor. 
Since it is a little 
more than one and 
one-half times as 
heavy as air, it can 
be poured from 
one vessel into 
another almost 
like water (Fig. 
53). It is some- 
what soluble in 
water. As with 
all gases its solu- 
bility is greatly increased by increase in pressure and, con- 
versely, becomes less with diminished pressure. This fact. is 
taken advantage of in so-called carbonated water, and in many 
beverages, such as ginger ale. The beverage is treated with 
carbon dioxide under pressure and dissolves 
considerable quantities of the gas. The bottle 
containing the liquid is closed while still under 
pressure. When the cork is removed the gas 
escapes and produces the familiar efferves- 
cence (Fig. 54). 

The most characteristic chemical property 
of carbon dioxide is its inertness. It will neither 
burn nor support combustion. It readily com- 
2s bines with one class of substances called alka- 
Ginger Ale lies, forming a group of compounds named the 
Fig. 54. Carbon di- Garbonates. Lime is an alkali which is chemi- 

oxide evolved from 

ginger ale causesa Cally known as calcium hydroxide, and the 
ae inlime- white precipitate which is formed when lime- 
water and carbon dioxide react is calcium car- 

bonate. This calcium carbonate is exactly the same chemical 
compound as ordinary marble, and is called ‘‘ precipitated chalk.” 





Fig. 53. Scale pan weighed down by carbon dioxide. 










Carbon 
dioxide 
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66. Liquid and solid carbon dioxide. By applying suffi- 
cient pressure to carbon dioxide gas at ordinary temperatures 
it may be condensed to a liquid. This liquid is an article of 
commerce and is put on the market in strong steel tanks. 
When the liquid carbon dioxide runs from such a tank, part 
of it evaporates quickly and removes so much heat that the 
rest is frozen to a snow-like solid. 


A tank of carbon dioxide is tilted on its side, as shown in figure 55. 
A stout flannel bag is tied around the outlet and the valve is opened 
wide. After a few minutes the bag is 
found to contain a snow-like solid. This 
solid has very fascinating properties. It 
quickly disappears when left by itself, as 
it rapidly changes into gas. A portion 
of it placed on water very soon evapo- 
rates, but in so doing it removes heat 
from the water and freezes the latter. 

If the solid is put in a beaker and 
mixed with ether, the mixture will freeze 
a test tube of mereury. The ether serves 
to carry the heat quickly from the test 
tube to the solid. 

Caution. Inhandling the solid carbon 
dioxide one must avoid pressing it against 
Fig. 55. Liquid carbon dioxide the flesh, otherwise it causes a frost bite 

boiling and freezing. which feels very much like a burn. 





Solid carbon dioxide enables us easily to reach a temperature 
as low as —40° C. It is sometimes used for refrigeration 
purposes. 

67. Commercial uses. Carbon dioxide has a number of 
important uses. We have already mentioned its extensive 
use in the preparation of carbonated beverages. The soda 
water of the drug store, which was originally prepared by mix- 
ing baking soda in solution with some fruit acid, is now made 
by connecting a tank of the gas with a supply of water, in such 
a way that a solution of carbon dioxide issues when the faucet 
is opened. Many fire extinguishers (lig. 56) depend on carbon 





CARBON MONOXIDE 
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dioxide for their effectiveness. The body of the container is 
filled with the water solution of a carbonate, generally sodium 


bicarbonate. A small bottle at the top contains 
sulphuric acid. When the extinguisher is turned 
upside down, the acid comes in contact with the 
carbonate and produces carbon dioxide. The gas 
thus produced forces the liquid out through the 
hose and also comes out itself. Since carbon di- 
oxide is heavy and noninflammable, it partially 
excludes the oxygen of the air and assists the water 
in putting out the fire. Such extinguishers are 
very effective but somewhat heavy to handle. 


CARBON MONOXIDE 


68. Formation in acoal fire. When carbon or 
a substance containing carbon burns in a limited 
supply of air or oxygen, carbon monoxide is 
formed. This gas is an oxide of carbon contain- 





Fig. 56. Car- 
bon dioxide 
fire extin- 
guisher. 





Fig. 57. Formation of the oxides of 
carbon in a coal fire. 


ing less oxygen than carbon 
dioxide and having quite dif- 
ferent properties. It burns 
in the air with a character- 
istic blue flame, forming car- 
bon dioxide. The burning 
of a coal fire in a range offers 
an interesting example of 
this (Fig. 57). The hot coal 
on the grate coming in con- 
tact with the oxygen of the 
entering air burns to carbon 
dioxide. But this gas on 
passing through the upper 


layer of coal, where the supply of air is restricted, is reduced to 
carbon monoxide. At the top of the glowing layer of coal, where 
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abundance of air can find access, the carbon monoxide again 
burns to carbon dioxide with the well-known blue flame. This 
carbon monoxide is commonly called “ coal gas”’ and is familiar 
to everyone who has used anthracite (hard) coal. 

69. Laboratory method of 
preparation. Wecan prepare 
carbon monoxide by passing 
carbon dioxide through a 
tube containing charcoal. 
The charcoal must be heated 
red-hot, and the issuing gas 
must be passed through a 
solution of caustic soda in 
order to absorb any of the 





Fig. 58. Preparation of carbon monoxide 
by action of warm sulphuric acid on eqrbon dioxide which re- 


formic acid. é 
mains undecomposed. The 


residual gas, carbon monoxide, may be collected over water. 


An easier method is to treat formic acid with warm concentrated 
sulphuric acid. The latter causes the decomposition of the formic acid 
into water and carbon monoxide. The apparatus may be set up as 
shown in figure 58. 


70. Properties of carbon monoxide. Carbon monoxide is a 
colorless gas, nearly odorless, just a little lighter than air, and 
very slightly soluble in water. It is one of the gases which it 
is difficult to liquefy. Its most striking chemical property is 
the fact that it burns in air or oxygen with a blue flame, forming 
carbon dioxide. It also acts as a reducing agent and will re- 
duce metallic oxides, such as copper oxide or iron oxide. In 
Chapter XXX we shall see that the ores of iron are commer- 
cially reduced by this gas in a blast furnace. 


The reducing action of carbon monoxide may be very well shown 
by the following experiment. The gas is prepared in the flask A (Fig. 
59). The bottle B contains a little water to wash the gas, and the 
hard-glass tube C holds the black copper oxide which is heated. The 
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metallic oxide is reduced by the gas to reddish metallic copper, and the 
carbon monoxide is oxidized to carbon dioxide. The presence of this 
latter gas is shown by the milkiness produced in the imewater in bottle 
‘D. Any of the unchanged carbon monoxide which passes through 
is collected over water in E and then burned. 





Fig. 59. Copper oxide reduced by carbon monoxide. 


The results of this experiment can be briefly stated thus: 


copper oxide + carbon monoxide —> copper + carbon dioxide 


eae | fen | Ea | 
, Loxygen oxygen oxygen 


Carbon monoxide is extremely poisonous. Less than half of 
one per cent of this gas in the air causesa severe headache, and 
large amounts may cause death. Every winter there are 
cases of men who are poisoned while working about an auto- 
mobile in a small closed garage. The exhaust gases of the 
gasolene engine contain some carbon monoxide. Sometimes 
the gas escapes into the room from a coal stove when the draft 
is not properly regulated; cases of sickness and even of death 
have resulted from this cause. Illuminating gas, especially 
that known as water gas, contains carbon monoxide, which is 
particularly dangerous, since it is itself practically odorless 
and cannot be recognized in the air. Fortunately illuminating 
gas generally contains some other substance which has a pro- 
nounced smell and thus gives warning of the presence of the 
poisonous material. In mine explosions carbon monoxide, is 
always formed; and since birds are very sensitive to this poison, 
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the reScuers often carry canaries with them to warn them of 
their own danger. In recent years oxygen helmets (Fig. 60) 
have been provided for miners to use in such emergencies. 

Carbon monoxide is poisonous because it combines with the 
red corpuscles of the blood and prevents them from taking up 
oxygen from the air. Since 
the life of a person depends 
on the absorption of oxygen 
by these blood corpuscles, 
carbon monoxide causes a 
sort of internal suffocation, 
which results in sickness and 
sometimes death. 

71. Composition of car- 
bon dioxide and carbon 
monoxide. The weights of 
carbon and oxygen which 
; = + combine to form carbon di- 
Fig. 60. Miners use oxygen helmets in oxide have been determined 

the presence of carbon monoxide. 3 ov 

with great precision. The 
results of a great number of experiments have shown that the 
ratio of the weight of carbon to that of oxygen is as 1: 2.66. 

Carbon monoxide has also been very carefully investigated, 
and it has been found that the ratio of the weight of carbon to 
that of oxygen is as 1: 1.33. It will be seen that 2.66 is exactly 
twice 1.33; that is, the weight of the oxygen combined with 
the carbon in carbon dioxide is exactly twice the amount com- 
bined with the carbon in the monoxide. This is a strikingly 
simple relationship, and is indicated by the names di(two)oxide 
and mon(one)oxide. 

72. Law of multiple proportions. The case of carbon 
monoxide and dioxide is not peculiar. It has been found that, 
whenever there are two or more compounds containing the 
same elements, the weights of the one element which are com- 
bined with a fixed weight of the other always bear a simple 
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relationship to each other, such as 2 to 1, or 3 to 1, or 3 to 2. 
This generalization is known. as the Law or Mutripte Pro- 
PORTIONS and was first stated by John Dalton in 1804. It may 
be conveniently expressed in somewhat different language as 
follows: When any two elements A and B combine to form more 
than one compound, the weights of B which unite with a fixed 
weight of A are in the ratio of small whole numbers. 

This law together with the Law of Definite Proportions is 
the foundation of chemistry. In a later chapter we shall see 
how Dalton explained these simple generalizations by means 
of a theory which has made the science of chemistry possible. 


SUMMARY OF CHAPTER VII 


CARBON DIOXIDE is formed when carbon or carbon com- 
pounds burn or decay. 

It can be prepared: 

(1) by burning charcoal in air or oxygen; 
(2) by the action of acids on carbonates. 

Its properties: a colorless gas, slightly soluble in water, and 
suffocating but not poisonous. It is about 1.5 times as heavy 
as air. Easily liquefied. Evaporating the liquid produces solid 
carbon dioxide. 

TEST: Does not burn; combines with alkalies and produces 
a milkiness in limewater. 

USED in making carbonated beverages such as soda water; 
in certain types of fire extinguishers; and in ice machines. 

CARBON MONOXIDE is formed: 

(1) when carbon or carbon compounds burn in a limited 
supply of air; 

(2) by the feduction of the dioxide; 

(3) by action of warm sulphuric acid on formic acid. 

Its properties: a colorless gas and practically odorless, slightly 
lighter than air, and insoluble in water. Very poisonous. Burns 
with a blue flame, forming the dioxide. Acts as a reducing agent, 
taking oxygen from hot metallic oxides, such as copper and iron. 
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COMPOSITION OF THE OXIDES OF CARBON: Weights 

of carbon to oxygen 
in the dioxide are as 1: 2. 66; 
in the monoxide are as 1: 1.33. 

LAW OF MULTIPLE PROPORTIONS: When any two ele- 
ments A and B combine to form more than one compound, the 
weights of B which unite with a fixed weight of A are in the ratio of 
small whole numbers. 


QUESTIONS 


1. How could you distinguish between carbon monoxide and 
carbon dioxide? 

2. How could you distinguish between carbon monoxide and 
hydrogen? 

3. When alcohol burns, carbon dioxide is formed. What does 
this show about the composition of aleohol ? 

4. Does the fact that an acid produces effervescence when added 
to a material prove the presence of carbon dioxide? 

5. How would you test for a carbonate? 

6. A beaker of limewater is left standing in the laboratory over- 
night. The next day the liquid is covered with a white material. 
Explain. 

7. Name two important reducing agents which we have studied 
thus far. 

8. Two samples of illuminating gas contain 6% and 33% of earbon 
monoxide respectively. Which is the more poisonous? 

9. Upon what three properties of carbon dioxide does its use in 
fire extinguishers depend? 

10. How is the quantity of carbon dioxide in the atmosphere kept 
nearly constant? 

11. When the stopper is removed from a bottle of mineral water, 
it effervesces. How could you prove the bubbles to be carbon dioxide? 

12. When carbon dioxide is passed over hot powdered zine, zine 
oxide is formed. What is the other product? 

13. The so-called ‘‘ water gas’’ is mainly a mixture of Salis 
and carbon monoxide. Why is water gas better for heating than for 
illuminating? 


QUESTIONS — TOPICS FOR FURTHER STUDY (i 


14. What effect would doubling the pressure have upon the solu- 
bility of carbon dioxide in water? 

15. Carbon dioxide is sometimes spoken of as plant food. Explain. 

16. Tobacco smoke is said to contain some carbon monoxide pro- 
duced by incomplete combustion. How may a smoker avoid this 
poison? 


Topics FOR FURTHER STUDY 


Heating apparatus in the home. Investigate your kitchen stove. 
Draw a diagram of it, and indicate what chemical reactions take place 
at each point. How is your house heated? Make a sketch of the 
system. Is there any danger of carbon monoxide escaping into the 
rooms? What might happen if the lining of the fire box in a hot-air 
furnace was defective? 

Coal-mine explosions. What is the cause of explosions and fires in 
coal mines? What steps have been taken by the mining companies 
and the government to reduce the danger from this source? 


CHAPTER VIII 


NITROGEN AND THE ATMOSPHERE 


Importance of nitrogen — preparation from air and by 
decomposition of compounds — properties. Air, a mix- 
ture — liquefaction — commercial uses of nitrogen. Rare 
gases in air — use of helium. Composition of air — réle of 
carbon dioxide in nature —impurities in “bad air” — 
fresh air. 


73. Importance of nitrogen. We have already learned 
(§ 22) that about one-fifth of the air is oxygen; nearly all the 
remainder is the elementary gas called nitrogen. Combined 
with other elements it is present to a limited extent in certain 
mineral deposits, such as saltpeter. Compounds containing 
nitrogen are essential to life, and are present in all living matter 
and in its decomposition products. In fact, a valuable constit- 
uent of our food is protein material, which contains a large 
percentage of chemically combined nitrogen. Soils and ferti- 
lizers serve as food for plants very largely in proportion to the 
percentage of nitrogen which they contain. The compounds of 
nitrogen are very important. We shall confine our attention 
at present to the element itself and to the air. 

74. Preparation from air. As has been said, Lavoisier 
found that air contains oxygen, which may be removed by 
causing it to combine with mercury. We can, however, re- 
move the oxygen much more quickly by burning phosphorus, 
and can thus obtain fairly pure nitrogen. 

We place a piece of phosphorus (wiped dry) in a porcelain erucible 


which rests on a cork floating on the surface of a pan of water. It is 
78 
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ignited with a hot wire, and a jar is placed over the burning solid, as 
shown in figure 61. The phosphorus burns in the confined air in the 
jar, and forms the same dense white smoke as when burned in pure 
oxygen. We then allow the jar to stand for a short time so that it may 
cool, and the fumes, which consist of very fine, solid particles of oxide 
of phosphorus, may dissolve in the water. It will be noticed that 
the water has risen in the jar about one-fifth, 
taking the place of the oxygen. If we now 
introduce a lighted taper or candle into the 
gas in the jar, we find that the flame is at 
once extinguished. The residual gas will 
not support combustion. 


This inert gas was called by Lavoisier 
azote, which signifies that it is in- 
capable of supporting life. Later it 
was named nitrogen because of its Fig. 6r. 





Removing oxygen 
presence in saltpeter, or niter. Ani- from air by burning phos- 


; : t horus. 
mals cannot live in nitrogen, not be- , 


cause it is in any way poisonous, but simply because animals 
must have free oxygen. They die of suffocation in nitrogen 
just as they drown in water. 

75. Preparation of pure nitrogen. Until rather recently it 
was thought that pure nitrogen could be prepared from air by 
removing all the oxygen and the small amount of carbon dioxide 
that is always present. But it has been found that such 
nitrogen contains about one per cent of impurities, which are 
the so-called “ rare gases.” 

Pure nitrogen can be most conveniently prepared in the 
laboratory by heating a compound of nitrogen called am- 
monium nitrite. This decomposes into nitrogen and water. 
Inasmuch as ammonium nitrite is unstable, we use a mixture 
of sodium nitrite and ammonium chloride. The reaction, how- 
ever, is complicated, and we need not consider it at this point. 

76. Properties. Nitrogen is like oxygen and hydrogen in 
having neither color, taste, nor odor; but in other respects 
it is very different. For instance, it does not burn and does 
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not support combustion. In fact, its only characteristic which 
can be easily shown is that it does not readily enter into chem- 
ical reactions. It does, however, unite, although slowly, with 
certain other elements, provided these are heated to the proper 
temperature. 
It unites with 
red-hot mag- 
nesium, form- 
ing a compound 
of magnesium 
and nitrogen 
called magne- 
sium nitride. 
When electric 
sparks” are 
passed through 
a mixture of ni- 
trogen and oxy- 
gen, the nitro- 
gen will com- 
bine with oxygen to form oxides of nitrogen. In the presence 
of a suitable catalyst it will also combine with hydrogen at 
a moderately high temperature to form ammonia, which is a 
gaseous compound of nitrogen and hydrogen. Although these 
last two reactions take place only with difficulty, yet they have 
recently become of great importance because they enable us 
to transform the free nitrogen of the air into compounds of 
nitrogen. Compounds of nitrogen are essential to plant life, 
and their preparation from the nitrogen of the air is a modern 
chemical problem of enormous importance. 

77. Air a mixture. The oxygen and nitrogen in air are 
not chemically combined. Air is only a mixture of these two 
gases and very small amounts of some others. There are a 
number of pieces of evidence which clearly show that air is a 
mixture and not a chemical compound. 





Fig. 62. Air expelled from water by boiling. 
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(1) In the first place, pure nitrogen and oxygen can be mixed to- 
gether to form an “artificial air ’’ which is almost identical with ordinary 
air. There is no heat evolved or other sign of a chemical reaction 
when these gases are mixed. The proportions of the gases in this 
“‘ artificial air ’’ may be varied very considerably without appreciably 
affecting the chemical properties of the product. If the oxygen and 
nitrogen were chemically combined, there would be one definite pro- 
portion in which they would unite. 


(2) In the second place, water will dissolve air; if we expel this 
air from the water by boiling (Fig. 62) and then analyze it, we find 
that it contains nearly twice as much oxygen as the original air. Oxy- 
gen is more soluble in water than nitrogen, and therefore relatively 
more of it dissolves. If the oxygen and nitrogen were combined, the 
dissolved gas would have the same composition as the air. 


(3) Finally, we can separate air into its components by a purely physi- 
eal process. This is done by liquefying the air and then carefully boil- 
ing off the more volatile 
nitrogen. If air were a 
compound, it would all boil 
at the same temperature. 








—— a 


78. Liquefaction of 
air. There is a definite 
temperature below 
which a gas must be 
cooled before it can be 
liquefied (Chapter IV). 
This is known as the 
critical temperature, and 
is different for different 
gases. In the case of Fig. 63. Diagram of essential parts of liquid-air 
both oxygen and nitro- eg 
gen the critical temperature is so low that it is impossible to 
liquefy these gases at ordinary temperatures, however much 
we compress them. To liquefy air we must cool it to a very 
low temperature as well as subject it to a high pressure. This 
is done on a large scale in an apparatus which is constructed as 
in figure 63. 






Atmospheric 
receiver 
Expansion Cylinder 
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This diagram shows only the essential parts of the apparatus. The 
air is compressed by a pump P, and the heat produced by the compres- 
sion is removed by passing the air through cooling coils. The com- 
pressed air is made to expand rapidly by allowing it to issue from a 
very small jet J into an expansion cylinder kept at a lower pressure. 
As the air passes through this jet and expands, it absorbs a great deal 
of heat. When a gas is compressed it gives out heat, and when a gas 





Fig. 64. United States plant at Muscle Shoals, Ala., for producing liquid air and 
separating nitrogen. 


expands it absorbs heat. This heat is removed from the gas, which is 
under pressure, by causing the expanded gas to flow back over the 
outside of the high-pressure pipe D through the eylinder. The cold 
expanded air is then compressed again and the process continued. 
Finally the gas is cooled so low by its own continued expansion that 
it liquefies and is collected in vessel R, from which it ean be drawn 
off as needed. 


We have just seen that air, like many other gases, is liquefied 
by the combined effect of pressure and low temperature. Liquid 
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air is really only a mixture of liquid nitrogen (boiling point, 
—195.7° C.) and liquid oxygen (boiling point, —182.9° C.). 


It is commerci 


ally possible to separate the more volatile nitro- 


gen from the oxygen. In this way oxygen is man- 


ufactured for industrial use and is compressed into 
steel tanks. Nitrogen is also prepared commer- 
cially (Fig. 64) by the same process, but to a 


limited extent. 


79. Experiments with liquid air. Liquid air is 
coming to be a commercial article which can be purchased 


in many places. 


it quickly absorbs enough heat through the glass to cause 


it to boil away 
ported only in 
flask (Fig. 65). 





If poured into an ordinary glass vessel, 


Fig. 65. 
Dewar flask. 


completely. It can be kept or trans- 
an especially constructed apparatus called a Dewar 
This flask consists of two glass vessels, one inside 


the other, the intermediate space being exhausted with a vacuum 
pump. The liquid air in such a flask is thus surrounded by a vacuum, 


which conducts 





Fig. 66. Cross 
section of ther- 
mos bottle. 


are very brittle 


heat very slowly, and consequently the liquid will 
not readily evaporate. To decrease the evaporation 
still further, the flasks are often silvered; this causes 
the heat to be reflected away from the exterior. The 
flask is also carefully packed in a basket with some 
nonconductor, such as felt, to prevent the inflow of 
heat from the outside. The well-known thermos bottle 
(Fig. 66) is constructed on the same plan and may be 
used to keep liquids either hot or cold for several 
hours. 

Ordinary materials manifest peculiar properties 
when cooled to the temperature of liquid air. For 
example, if a small rubber ball is immersed in liquid 
air and then dropped on the floor, it breaks into 
many pieces as if made of glass. In the same way 
a rubber tube which conducts liquid air soon be- 
comes so brittle that if breaks to pieces. Flowers and 
grass are frozen solid by immersion in liquid air and 
when removed. If a burning stick is plunged into 


liquid air it keeps on burning. A flame of hydrogen or coal gas 


dipped under th 
which is formed 


e surface of liquid air goes on burning, and the water 
freezes. 
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80. Uses of nitrogen. Free nitrogen is used to fill certain 
kinds of electric-light bulbs. On account of its inertness it 
does not attack the white-hot filament in the lamp. When 
mercurial thermometers are to be used at temperatures from 
300° to 500° C., the space above the mercury in the stem is 
filled with nitrogen under pressure. In this way the mercury 
is prevented from boiling, 
even at temperatures above 
its normal boiling point 
(357° C.). To a limited ex- 
tent free nitrogen is used in 
the preparation of certain ni- 
trogenous fertilizers (§ 238). 

81. Rare gases. Five 
elements — argon, neon, 
helium, krypton, and xenon 
—occur in the air in very 
small quantities. Argon, 
which is the most abundant 
of these, occurs to the ex- 
tent of only 0.94 of one per 
cent by volume. The other 





Fic. 67. Str Witx1am Ramsay four together constitute less 
(1852-1916). than 0.002 per cent of the 


An English chemist who discovered the 


rare gases in the atmosphere, al. Argon was first discov- 


ered in 1894 by Sir William 
Ramsay (Fig. 67) and Lord Rayleigh; they removed all the 
oxygen and nitrogen from air by chemical methods, a very long 
and tedious process. It has since been found possible to pre- 
pare argon more conveniently by the liquefaction of the nitrogen 
and oxygen. Argon boils af a lower point than even oxygen, 
and can thus be separated from both nitrogen and oxygen 
by the liquefaction of the latter. The other elements are 
present in such minute amounts that their isolation and study 
was 2 matter of very long and painstaking research. 
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These five elements are all remarkable inert substances; 
for this reason argon is sometimes used in the place of nitrogen 
for filling electric-light bulbs, being prepared commercially by 
the liquefaction of air. Recently there has been found con- 
siderabie evidence that helium will combine with such elements 
as sulphur, iodine, and phosphorus. 

82. A new use for helium. Helium has very recently come 
to be a substance of practical importance. Next to hydrogen 
it is the lightest known gas, being about seven times lighter than 
air. It is noninflammable and therefore an ideal substance 
for filling balloons and dirigibles; for most of the serious acci- 
dents which have occurred in the past have been due to the 
hydrogen’s catching fire. Under the stress of the recent war 
the production of helium for aéronautical purposes has been 
accomplished on a large scale, and it is expected that the use 
of this gas will be of great importance in the future develop- 
ment of balloons and lighter-than-air airships. Certain natural 
gases which issue from the ground in some parts of the United 
States contain as much as 3 per cent of helium. By a process 
of liquefaction helium, which boils at the very low temperature 
of —269° C., can be separated from the other gases. 

83. Composition of the air. Samples of air taken in the 
open country have all been found to have the same composition, 
except for the content of water vapor. The composition of a 
sample of dry air is as follows: 


100 volumes of air contain 


EE 56 Mk, be atta Thies gobo sisi a tam bes té > 78 volumes 
COST OE ee ay ee) ek 21 volumes 
ROR tal Cava cu eet « ~s s ss §=6OLOS volumes 
aro) GIOxIdG «040 felcn sos ce es ss OL04 volumes 
Helium, neon, krypton, xenon. . ... . traces 


In cities and in poorly ventilated places the composition of 
the air may be very different. The changes in composition 
of the air which occur in such regions are, however, insignificant 
when compared with the large bulk of air which surrounds the 
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earth. This great ocean of gas is constantly being stirred by 
the winds and air currents, and thus its composition, if taken 
in the open country, is always constant. 

84. Carbon dioxide in the air. Although the amount of 
carbon dioxide in the air is usually very small indeed, it plays 
a most important réle. This gas is pouring into the atmosphere 
from every chimney and smoke stack; it is produced wherever 
carbon compounds burn or decay; and is being exhaled by 
every living organism. On 
the other hand, all green 
plants absorb from the air 
carbon dioxide, which unites 
in the leaves with the water 
which has been absorbed 
from the soil by the roots. 
The products of this won- 
derful synthesis are starch 
and sugar (which are com- 
pounds of carbon, hydrogen, 
and oxygen), and oxygen, 
Fig. 68. Diagram to show the cycle of car- which is set free. We have 

See eee seen (§ 62) the bubbles of 
oxygen rising from plants which were growing under water. 

The chemical change which converts inorganic material 
(carbon dioxide and water) into living matter can take place 
only in the sunlight, and is brought about by the aid of the 
green coloring material in the leaves. 

Thus it will be seen that animals and plants are complements 
of each other as regards the supply of oxygen and carbon dioxide 
in the air. The plants remove the carbon dioxide from the 
air and convert it into compounds, which in turn become food 
for the animals. The animals burn this food and exhale carbon 
dioxide (Fig. 68). 

85. Impurities in the air affecting human comfort. We 
are all familiar with the so-called “ bad air ”’ which is found in 






animals 
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overcrowded, poorly ventilated rooms, and the disagreeable 
feelings which this “bad air” produces. It was formerly 
thought that the chief factor in air which influenced human 
comfort was carbon dioxide, since the carbon dioxide content 
is always high in crowded, stuffy rooms and the oxygen con- 
tent lower than normal. But this view has been shown to be 
erroneous. It is true that healthful air must contain a certain 
minimum of oxygen and that one can suffocate in an atmosphere 
containing too much carbon dioxide. Yet the amount of carbon 
dioxide which is found in even the worst ventilated rooms is 
far below this amount. The chief factors which really determine 
whether or not air is pleasant to breathe are: (1) moisture, (2) 
temperature, (3) dust, (4) minute amounts of complex com- 
pounds exhaled by men and animals. 


The first two factors are closely associated. The human body is 
normally at a constant temperature of 98.6° F. (37° C.), and this 
temperature is regulated by the evaporation of water from the surface 
of the body. If the surrounding atmosphere is particularly moist, 
this evaporation proceeds with difficulty, and the regulation of the 
body temperature is correspondingly difficult. Very hot, moist air 
is one of the most disagreeable atmospheres in which to work. Simi- 
larly, if the air is too dry the evaporation from the body proceeds 
too rapidly, and the normal physiological activities are upset. <A 
proper regulation of the moisture content (called humidity) is one of 
the essentials for comfort. Another important factor is, of course, 
the proper regulation of the temperature. 

The presence of dust in the air causes a great deal of discomfort. 
Air in cities and in crowded rooms contains large amounts of dust, which 
not only irritates the respiratory organs but contains disease-produeing 
bacteria. Air in the country after a good rain is relatively free from 
dust, and is always more pleasant to breathe than the dusty air of the 
city street after a long period of drought. 

The fourth factor which affects air is noticeable only in poorly venti- 
lated rooms containing many people. The human body gives off very 
small amounts of substances which cause the air to have a disagree- 
able physiological effect. These minute impurities probably affect 
people by their disagreeable odor and possibly also because they are 
actually poisonous to the human system. Whatever the reason, they 


88 NITROGEN AND THE ATMOSPHERE 


cause the air of a crowded room to produce drowsiness, general dis- 
comfort, and even severe headaches. 

The impurities and the dust may be removed from the air by wash- 
ing it with a sort of shower bath of water. Very successful systems 
of ventilation have been installed in which the air is drawn out of the 
rooms, passed through a washer, partially dried, and sent back into 
the rooms again. Although the carbon dioxide content in such air 
may be relatively high, it produces no disagreeable effects. This sys- 
tem of ventilation is superior to that which merely introduces fresh 
air from the outside, because it does not necessitate the heating of 
large amounts of cold air. A great saving in the fuel used for heating 
the building thus results. 


86. How to get fresh air. Because the atmosphere in the 
country is really clean, it is well for everyone to live as much as 
possible in the open air. Since, however, a 
great deal of the world’s work must be done 
indoors, it is important that we take every 
precaution to ventilate our houses properly. 
Some people have thought that night air 
is injurious, but a careful study shows that 
night air is the same as that which we 
breathe during the day. In fact, the proper 
ventilation of a sleeping room is one of the 
first requirements for good health. Since 
the exhaled air is usually warmer and 

_———J lighter than the inhaled air, it rises to the 
rei she ete top of the room. ‘Therefore it is better to 

window at top and open a window at the top to let the hot 

apis upper air out and also at the bottom to ad- 
mit the fresh air (Fig. 69). Of course, this does not mean that 
one should sleep ina strong draft. In many places it is feasible 
to sleep out of doors on a sleeping porch and so to secure perfect 
ventilation. 





SUGGESTION 


For further rules about healthful living, read Fisher and Fisk’s How 
to Live. — Funk & Wagnalls Co. 
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SUMMARY OF CHAPTER VIII 


ELEMENTARY NITROGEN forms about four-fifths of the air. 
Nitrogen compounds are essential to life. 

PREPARED from the air by burning out the oxygen with phos- 
phorus or with red-hot copper; this is sufficiently pure for most 
purposes. 

PURE NITROGEN is prepared by heating ammonium nitrite 
(sodium nitrite and ammonium chloride), which gives water and 
nitrogen. 

PROPERTIES: nitrogen is an inert substance. It is a color- 
less, odorless, tasteless gas; does not burn; does not support 
combustion or respiration; is not poisonous. It does not easily 
unite directly with other elements. At high temperatures it 
combines with a few metals such as magnesium, and also with 
oxygen and hydrogen. 

AIR IS A MIXTURE, NOT A COMPOUND. It is essentially 
composed of nitrogen, oxygen, and argon with varying amounts 
of water vapor, carbon dioxide, and dust. 

AIR CAN BE LIQUEFIED and separated into its components 
by allowing the more volatile parts to boil off first. 

ARGON occurs in air to the extent of nearly one per cent by 
volume. There are traces of four other rare gases, which cannot 
be made to combine with any other elements. Argon is used 
for filling electric-light bulbs. 

HELIUM is one of the rare gases; it can be made com- 
mercially by liquefying certain natural gases. It is noninflara- 
mable and seven times lighter than air. Used in balloons to some 
extent. 

CARBON DIOXIDE is introduced into the air by combustion 
and respiration. It is removed by green plants, which get all their 
carbon from the carbon dioxide in the air and produce oxygen. 
This balance of plant and animal life keeps the amounts of oxygen 
and carbon dioxide in the air constant. 

The chief factors in the air which affect human comfort are 
(1) moisture, (2) temperature, (3) dust, (4) small amounts of im- 
purities given off by the human body. To get as much fresh air 
as possible, — work, play, and sleep out of doors. 
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QUESTIONS 
1. How would you distinguish between nitrogen and carbon 
dioxide? 
2. Of what use is the carbon dioxide in the air? 
3. Why will an animal die in nitrogen gas? 
4. Why are traces of nitrogen compounds found in the air after 
a thunderstorm ? 


5. Every ton of coal burned produces about 3 tons of earbon 
dioxide. Why does the composition of the air vary so little? 

~ 6. If a teakettle containing liquid air 
om is placed on a cake of ice, the liquid boils 


oD | Ses 





C=.) 2233 vigorously (Fig. 70). Explain. 
ere ee 7. Why do we not put a stopper in a 


bottle containing liquid air? 

8. How would you prepare a sample 
of air which is free from water vapor and 
carbon dioxide? 

9. If air has a definite composition. 
why is it not considered a compound? 
Fig. 70. Liquid air in the tea- 10. State three ways in which oxygen 

kettle boils on a cake of ice. can be removed from air. 

11. Why are there so few nitrogen compounds among the minerals? 

12. What are the principal objections to dust in the air we breathe? 

13. How may one increase the humidity of the air in a room? 

14. Why do not green plants produce as much oxygen at night 
as during the day? 

15. What relief does an electric fan in a room offer on a hot day? 
Explain. 

16. Why does the carbon dioxide not form a layer at the bottom 
of a room? 


Topic FOR FuRTHER STUDY 


Ventilation. Investigate the ventilation of the classroom. The 
air currents may be observed by means of lighted bits of paper. Notice 
the effect of opening and closing the windows. What are the modern 
methods of ventilating schoolrooms, theaters, and publie halls? Why 
is it not necessary to have a ventilating system in a dwelling-house? 
What methods can be used for regulating the temperature and the 
humidity ? 


CHAPTER IX 


THE THEORY OF ATOMS AND MOLECULES 


Three laws — conservation of matter, constant and multi- 
ple proportions — facts and theories — Dalton’s theory of 
atoms — explanation of facts—atoms and molecules — 
physical and chemical changes — value of atomic theory. 


87. Review of the three fundamental laws. In all our 
study of chemical substances and their changes we find that 
matter is indestructible; that is, the swm of the weights of the 
substances which take part in a chemical change is equal to the 
sum of the weights of the products formed (Law of Conservation 
of Matter). 

We have also seen that one of the most important character- 
istics of a chemical compound is expressed by the Law of 
Definite Proportions: the weights of the elements which combine 
to form a given compound are always in the same definite proportion. 

We further saw that when two elements combine to form two or 
more compounds, the ratio of the weights of the one element com- 
bined with a fixed weight of the other in the two compounds can 
be expressed by small whole numbers. This is the Law of Multiple 
Proportions. These laws are the general expressions of a vast 
number of well-established facts. 

88. Facts and theories. Whenever we are confronted with 
a series of facts, we are prone to ask ourselves the question, 
Why are these facts so? To explain and account for facts 
chemists have adopted certain theories. It is worth while 
to see just what the difference is between laws and theories. 
A law may be defined as a generalization based on experi- 


mental facts; it is a shorthand method of summarizing the 
91 
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results of a large number of investigations. A theory is a sort 
of scientific deduction, or hypothesis, which we make in order to ex- 
plain the facts. If the hypothesis fits all the facts, itis considered 
a satisfactory theory so long as no new facts are discovered 
which disagree with it; but if fresh facts are found out which 
will not harmonize with the 
theory, it must be given up 
and a new one proposed. 

A theory always starts 
with certain assumptions 
which we cannot test experi- 
mentally. Beginning with 
these assumptions, we reason 
that so and so must be true. 
The more closely the conclu- 
sions fit the known facts the 
more likelihood there is that 
the theory is correct. We 
cannot, however, say that 
Fic. 71. Joun Dauton (1766-1844). the theory is proved, but 
An Baulsh, schoolmaster and, chemist merely that it is probably 

true. 

89. What is the atomic theory? The early Greek philos- 
ophers (about 300 B.c.) believed that all matter was composed 
of very minute particles which could not be further subdivided. 
These ultimate bits of matter they called atoms. The ancient 
thinkers, however, had such a meager knowledge of natural 
science that they could not make use of this theory to explain 
natural phenomena. John Dalton (Fig. 71) in 1808 put for- 
ward a theory which explained very simply the Law of Definite 
and Multiple Proportions. Dalton, like the Greeks, assumed 
that all matter was composed of very minute particles, which 
he also called atoms; but aside from this fundamental assump- 
tion, his views were quite different from those of the early philos- 
ophers. His contribution, generally known as the atomic 
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theory, has been adopted to explain the facts about chemical 
compounds, and it may therefore justly be said to be the most 
comprehensive and useful theory in modern chemistry. 


Dalton made the following assumptions : 


(1) Matter is made up of small particles called atoms. 

(2) All the atoms of a given element are exactly alike in size 
and weight, but differ in these respects from the atoms of every 
other element. 

(3) Atoms can unite with other atoms and hold them by a 
force called chemical affinity ; it is this union of atoms which 
produces chemical compounds. 

(4) Atoms cannot be divided, and therefore only whole atoms 
unite with each other. 


90. How this theory helps us to understand the facts. 
First, as to the fact that compounds always have a definite 
composition. According to this theory we assume that a com- 
pound is due to a union of atoms of different elements. For 
example, in carbon monoxide one atom of carbon unites with 
one atom of oxygen, forming a group of two atoms. Since all 
the oxygen atoms have exactly the same weight and the carbon 
atoms also have each a fixed weight, any sample of carbon 
monoxide will have a definite composition. This is the Law 
of Definite Proportions. 

Second, as to the Law of Multiple Proportions. It is con- 
ceivable that a carbon atom might unite with two atoms of 
oxygen instead of only one. An entirely different compound 
would result; in each group there would be one carbon atom 
and two oxygen atoms. That is, there would be twice as much 
oxygen combined with carbon as in the first case. Carbon 
dioxide is, in fact, just such a substance: it contains twice as 
much oxygen as carbon monoxide. In carbon dioxide we 
imagine that every atom of carbon is united with two atoms 
of oxygen. 
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Finally, as to the Law of Conservation of Matter. We 
assume that in a chemical change the atoms are redistributed, 
but that none are produced or annihilated. The sum of the 
atoms of the substances which take part in a chemical reaction 
must equal the sum of the atoms in the products, since none 
are lost in the change. This simply means that matter is 
indestructible. 

91. Atomic weights of the elements. Since the atoms are 
so very small we do not attempt to determine the actual 
weight of a single atom. But by comparing the relative 
weights of elements which combine, we have been able to deter- 
mine with great precision the relative weights of their atoms. 

The numbers which are now accepted by chemists as repre- 
senting the atomic weights of the elements are given in the 
table in the back of the book. It will save time if we become 
familiar with the approximate atomic weights of some of the 
commoner elements. In this table we see that the atomic 
weight of carbon is 12 and of oxygen is 16. Therefore in carbon 
monoxide we should expect 12 parts by weight of carbon to 
unite with 16 parts by weight of oxygen; in other words, the 
ratio of carbon to oxygen would be as 1: 1.33, which corre- 
sponds to the results of the chemical analysis of carbon mon- 
oxide. The fact is, as we shall see later (Chapter XIII), that 
the numbers in the table are derived from the relative combin- 
ing weights of the elements in compounds. These weights 
are determined by very precise analysis of the compounds. 
Therefore the table of atomic weights represents certain chemical 
facts in regard to the elements which are quite independent of 
any theory. 

92. Atoms and molecules. The smallest indivisible part 
of an element is an atom. We have already seen in Chapter V 
that a gas is composed of a vast number of minute particles 
called molecules. In most common gases, such as oxygen, 
nitrogen, and hydrogen, each molecule is made up of two 
atoms held together in chemical combination. In the case of 
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& compound such as carbon monoxide (§ 68) the carbon and 
oxygen atoms are joined together in groups; these groups of 
atoms are molecules. A great number of such molecules make 
up the gas which we recognize as carbon monoxide. Thus, in 
certain elementary gases a molecule is composed of two atoms 
of the same element ; in a compound a molecule is composed of 
two or more atoms of different elements. There are a few cases, 
such as mercury vapor, where the molecules of the gas are the 
atoms themselves; these gases are said to have monatomic 
molecules. 

93. Physical and chemical changes. When a gas, such as 
air, is liquefied, we think of the molecules as coming closer 
together in the space they occupy; and again, when the liquid 
is frozen, we imagine the molecules as coming still closer to- 
gether so that they attract each other with considerable force. 
But in all these states of matter we conceive of the molecules 
as vibrating, and the temperature of a body as an outward 
indication of the rapidity of this vibratory motion. These 
changes which affect the molecule as a whole we call physical 
changes. 

If, however, we disturb the composition of the molecule by 
breaking through the force which unites the atoms, we produce 
a chemical change. For example, when we separate the con- 
stituent atoms in the water molecules and obtain hydrogen 
and oxygen, which are both entirely different in their proper- 
ties from the original water, this is a chemical change. 

We may define an atom as the smallest particle of an element 
which can take part in a chemical change. We may also define 
a molecule as the smallest particle of matter which can exist in a 
gaseous state. 

94. Value of the atomic theory. If the theory of atoms is 
merely an hypothesis about the atoms, which are so small that 
we cannot see them, why study the theory at all? It is an 
interesting fact that although it is more than a hundred years 
old, it has never been replaced by a better one. Chemists 
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generally agree that it does explain satisfactorily the facts 

regarding chemical combination, and that it has done more 

than any other theory for the advancement of the physical 

sciences. In recent years an abundance of new experimental 

evidence has been found, which we cannot here describe in 

detail since it involves considerable mathematical physics. 

The atomic theory has been so strengthened by all this work 

that scientists have come to believe in the existence of atoms 

and molecules with as much certainty as is possible about things 

which we cannot see by direct observation. 

95. Brownian Movement. 

If very fine particles are sus- 

pended in a liquid and the mix- 

ture examined under a very 

powerful microscope, it will be 

seen that all the particles are 

in a state of rapid and irregu- 

lar motion. This is called the 

/ Brownian Movement, and is 

apparent only with particles 

which are so small that they 

Fig. 72. Path of a Brownian particle cannot be seen except with a 

as observed under a microscope. g : : A 

microscope. While scientists 

have known of the movement of these particles for a long time, 

it has only recently been carefully studied. The thorough 

investigation of this problem has led to one of the most con- 
vincing arguments as to the reality of molecules. 

The motion never ceases and is independent of the nature of 
the particles; liquids taken from the interior cavities of rocks, 
which must have been sealed up for eons, show the same 
Brownian Movement. This motion of the minute particles is 
almost certainly due to the fact that they are being bombarded 
by the molecules of the liquid, which are themselves in constant 
motion. A liquid, like a gas, is also made up of molecules, but 
they are in closer contact with each other. The Brownian 
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particles serve, then, to visualize this never-ending dance of 
the molecules. While we cannot yet observe the molecules 
themselves, we can see them move and toss around a somewhat 
larger particle of matter (Fig. 72). 

It has been possible in several ways to estimate the size of a 
molecule. The diameter of a molecule is somewhere in the 


3 : ‘ 
order of 100,000,000 of a centimeter. The smallest particle 
; Z é ‘ 2 
which can be seen with a microscope is about 100,000 of a 


centimeter in diameter. 


SUMMARY OF CHAPTER IX 


THE ATOMIC STRUCTURE of matter was first suggested 
by early Greek philosophers. John Dalton in 1808 used it as a 
basis for a theory which explained the Laws of Definite and Multiple 
Proportions. 

DALTON’S THEORY assumes the following: 


(1) All matter is composed of atoms. 

(2) All atoms of a given element are alike. 

(3) Atoms can unite with and hold other atoms by reason 
of a force called chemical affinity. ; 

(4) Atoms are indivisible, and therefore only whole atoms can 
unite with one another. 


AN ATOM is the smallest particle of an element which can take 
part in a chemical change. 

A MOLECULE is the smallest particle of matter which can 
exist in a gaseous State. 

A LAW is a generalization of experimental facts; a theory in- 
volves certain assumptions from which certain conclusions may 
be drawn to explain a series of experin:ental facts. An hypothesis 
is a scientific deduction which, if satisfactory, may become a theory. 

THE ATOMIC THEORY is still a theory, but science has 
recently developed considerable evidence which makes the reality 
of atoms and molecules extremely probable. 
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QUESTIONS 


1. Show how the Law of Conservation of Matter applies to the 
decomposition of red oxide of mereury. 

2. Show how the Law of Definite Proportions applies to the com- 
position of water. 

3. Sulphur dioxide is 50% sulphur and 50% oxygen. Sulphur trioxide 
is 40% sulphur and 60% oxygen. Show how these facts illustrate 
the Law of Multiple Proportions. 


4. State in your own words the four assumptions which Dalton 
made in his atomic hypothesis. 


5. What is the difference between an hypothesis and a theory? 
6. What is the difference between a natural law and a provincial law? 


7. What theory accounts for the effects of temperature and pres- 
sure upon the volumes of gases? 


8. What is meant by the terms: (a) atom of an element, (6) 
molecule of an element, (c) molecule of a compound? 


9. Classify the following as either physical or chemical changes: 
(a) the burning of wood, (b) the evaporation of gasolene, (c) the dis- 
solving of sugar in water, (d) the souring of milk, (e) the melting of 
butter, (f) the decay of food, (g) the explosion of dynamite. 


Topic FOR FURTHER STUDY 


Science in ancient Greece and Rome. Why did not the early Greek — 
philosophers apply their idea of the atomic theory to explaining chemi- 
cal facts? Were they interested in chemistry and physies? (Moore’s 
History of Chemistry, and Sedgwick and Tyler’s Short History of 
Science.) 


CHAPTER X 
SYMBOLS, FORMULAS, AND EQUATIONS 


Symbols, significance — formulas, significance — percent- 
age composition calculation — chemical equations — how to 
write equations — five steps — what an equation does not 
show — review equations of reactions studied. 

Five types of reactions — reversible reactions. 


96. Chemical symbols. 


Chemists have found it convenient 


to represent the various elements by the symbols which are 


given in the table on the 
back cover. These sym- 
bols were introduced by 
the Swedish chemist, Ber- 
zelius (Fig. 73), and are 
merely the first letter or 
letters of the names of the 
elements; as, for instance, 
C for carbon, H for hydro- 
gen, O for oxygen, S for 
sulphur, Br for bromine, 
and Si for silicon. In afew 
cases the first letter and 
one other that is prominent 
in the name are used, such 
as Cl for chlorine and Mg for 
magnesium. In other cases 
the symbol is taken from 





Fic. 73. JOHANN JAcoB BERZELIUS 
(1779-1848). 


Introduced the modern symbols used in 
chemistry. 


the Latin name; thus, Cu stands for copper (cuprum), Fe for 
iron (ferrum), Ag for silver (argentum). It will be well for the 
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student to learn the symbols of the common elements as we 
study them. 

97. What doesasymbolmean? These symbols are not used 
as mere shorthand signs, but each one stands for an atom of the 
element. Thus, the symbol O stands for one atom of oxygen, 
and the symbols H, N, Na, Fe represent one atom of hydrogen, 
nitrogen, sodium, and iron, respectively, and not these substances 
in general. More exactly, then, they are atomic symbols, and 
not merely abbreviations of the names of the elements. 

We have also seen that the atoms have a perfectly definite weight, 
and so the symbol means not only the element but a definite 
quantity of the element. O always means 16 parts by weight 
of oxygen, and C always means 12 parts by weight of carbon. 

When we know how many atoms of an element go to make 
up a molecule of that element, we can express this knowledge 
very briefly by symbols with small subscripts placed after them. 
Presently we shall show that the molecule of hydrogen, oxygen, 
nitrogen, chlorine, and some others consists of two atoms; this 
fact is represented by the symbols Hz, O2, Ne, Cle, respectively. 
The symbol H; thus means one molecule of hydrogen. 

98. Chemical formulas. We may represent the composition 
of compounds with these symbols. This is done simply by 
placing side by side the symbols for the various elements in 
the compound. For example, sodium chloride (common salt) 
is made of one atom of sodium (Na) and one atom of chlorine 
(Cl) and is represented by the united symbols of the two ele- 
ments, NaCl. Such an arrangement of symbols representing 
a compound is called the formula of that compound. 

When the molecules of a compound contain more than one 
atom of any particular element, this fact, as-we have said, is 
expressed by placing small numbers immediately after the 
symbol of that element. Thus, H,O is the formula for one 
molecule of water, a compound containing two atoms of hydro- 
gen and one atom of oxygen. Very often it is necessary to 
indicate a group of atoms in a molecule which behave in many 
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reactions like a single atom. Parentheses are used for this pur- 
pose. Thus, a molecule of calcium hydroxide (limewater) 
may be represented by Ca(OH)s, which indicates a molecule 
containing one atom of calcium, two atoms of oxygen, and two 
atoms of hydrogen. 

When we wish to indicate more than one molecule of any 
substance, we place large numerals before the symbol or formula. 
Thus, 2 O2 means two molecules of oxygen, and 5 H,O means 
five molecules of water. 

99. Just what does a formula mean? It is very important 
that we understand the full meaning of a formula. For ex- 
ample, the formula for sulphuric acid is HySO4, which means: 


(1) one molecule of sulphuric acid; 

(2) composed of two atoms of hydrogen, one atom of sulphur, and 
four atoms of oxygen; 

(3) 2 parts by weight of hydrogen, 32 parts by weight of sulphur, 
and 4 X 16 or 64 parts by weight of oxygen; 

(4) 2 + 82 + 64 or 98 parts by weight of sulphuric acid. 


100. Percentage composition from the formula. If we know 
the formula of a compound and have a table of atomic weights, 
we can easily calculate the percentage of each element in the 
compound. Given the formula of potassium chlorate as KCIOs, 
and the atomic weight of potassium 39, of chlorine 35.5, and 
of oxygen 16. Then the formula represents 


39.0 parts by weight of potassium, 
35.5 parts by weight of chlorine, and 
3 X16 or 48.0 parts by weight of oxygen, 
or 122.5 parts by weight of potassium chlorate. 





Therefore potassium chlorate contains 





= =0.318 or 31.8 per cent of potassium, 
89-3 =0.290 29.0 t of chl d 

1995 or per cent of chlorine, an 
48 


=0.392 or 39.2 per cent of oxygen. 
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QUESTIONS AND PROBLEMS 


1. Give the symbol of each of the following elements: sodium, 
sulphur, manganese, magnesium, mercury, potassium, phosphorus, 
lead, platinum, and iron. 


2. Name the elements which correspond to the following symbols: 
Ag, Sn, W, Ni, Au, Cu, A, Ra, As, and Al. 

8. State the facts expressed: by the formulas: CuSO.s, 3 NaCl, 
2 H20, P:, and Ba(OH)>. 


4. Compute the percentage composition of the following com- 
‘ pounds from the formulas as given: (a) common salt (NaCl); (6) 
saltpeter (KNOs3); (c) mercuric oxide (HgQO); (d) sulphuric acid 
(H2SO4); and (e) cane sugar (Ci2H220). 


Note. Use the approximate atomic weights as given on back cover. 


101. Chemical equations. The principal use which the 
chemist makes of symbols and formulas is in writing in a con- 
densed and precise form a large amount of information about 
chemical changes, or reactions. Inasmuch as matter is in- 
destructible (Law of Conservation of Matter), we represent 
these changes, or reactions, as equations. There is the same 
amount of each element after the change as before. 

The symbols and formulas of all the materials wndergoing 
change are placed on the left ; those of the new products resulting 
from the change, on the right; the arrow means forms or gives. 
For example, the union of iron and sulphur to form iron sulphide 


is expressed thus: Fe + S—> FeS 
The burning of magnesium in oxygen might at first be ex- 


pressed thus : Mg + 0, —> MgO 


but this equation is wrong because we have two atoms of 
oxygen on the left and only one on the right side, and this would 
indicate that some of the oxygen had been lost. The very 
word “equation’’ means that there must be just as many 
atoms of each element after the change (on the right) as before 
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(on the left). We can “ balance ” the equation, as it is called, 


thus : 
2 Mg + O, —> 2 MgO 


In decomposing potassium chlorate by heat we might write 
the equation at first thus: 


KCIO; —> KCI + O, 
and then balance it thus: 


2 KCIO; —> 2 KCl + 3 Op 


From a study of the above it will be seen that these equations 
are not algebraic; they represent chemical changes which 
actually take place. Before we can write an equation we must 
know: 


(1) that the change takes place; 

(2) what substances are involved; 

(3) what the products are; and 

(4) the formulas of all the substances involved and of all products. 


102. How to write equations. In making a chemical equa- 
tion there are five steps: 


(1) Write on the left the formula of each substance taking 
part in the reaction. 

(2) Write on the right the formula of each substance known to 
be produced. 

(3) Correct the right-hand side by increasing the number of 
molecules so as to use all the elements on the left. 

(4) Correct the left-hand side by increasing the number of 
molecules needed by the substances produced. 

(5) Check up to make sure that each atom of al] the elements 
_ is accounted for. 
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For EXAMPLE, hydrogen burns in oxygen and produces water. 


(1) H2+02 

(2) H2 +0; —> H20 
(3) H,+0, —> 2 H:0 
(4) 2 H.+0,—> 2 H.0 


(5) We have 4 atoms of hydrogen in the 2 molecules of hydrogen 
on the left, and we have 4 atoms of hydrogen in the 2 molecules of water 
on the right. We have 2 atoms of oxygen in 1 molecule of oxygen on 
the left, and we have 2 atoms of oxygen in the 2 molecules of water on 
the right. 


103. Cautions. Use the molecular formulas for the gaseous 
elements. Thus, the molecular formulas of oxygen, hydrogen, 
nitrogen, and chlorine are Oz, He, Ne, Cle. 

Remember that the number placed before a formula multiplies 
the whole formula. Thus, 2 H2O is the same as 2(H2O), which 
means two molecules of water consisting of 4 atoms of hydro- 
gen and 2 atoms of oxygen. 

We balance equations not by altering the formulas of the 
substances, but by taking the proper number of molecules so 
that the number of atoms of each element is the same on both 
sides. 

104. What an equation does not show. Chemical changes 
will usually occur only under certain conditions, which are not 
indicated in the equation. 


For example, the equation 


2 HgO —> 2 Hg + O, 


does not show that it is necessary to keep heating the red oxide of 
mercury in order to decompose it. The equation 


Zn + H,SO, —> ZnSO, + Hz 


does not indicate that the sulphuric acid must be diluted with water. 


In general, the materials which are present but which 
undergo no change, such as water used as a solvent and the 
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various catalysts, are not represented in the equation. Finally, 
we do not as a rule try to show the amount of heat which is 
evolved in the chemical reaction. For example, 


C + O, —> CO, 


shows that carbon unites with oxygen to form carbon dioxide; but 
it dces not tell us how much heat is produced, a piece of information which 
is most important for the industrial chemist. 


105. Equations for reactions studied. We shall now write 
chemical equations for the reactions which we have studied 
up to this. point, and which we have hitherto summarized by 
words. The student will do well to master thoroughly all these 
equations. 

When water is electrolyzed it is decomposed into free hydro- 
gen and oxygen. The equation for this is: 


2 H.O —> 2 H2+ Oz 


We have to take two molecules of water in order to provide two oxy- 
gen atoms, since the formula for free oxygen is Oo. 


When mercury oxide is heated oxygen and mercury result. 
The equation is: 
2 HgO —> 2 Hg + Oz 


Again we take two molecules of mercury oxide, so that we may 
have enough oxygen atoms to form a molecule. The mereury formed 
is a liquid; and we have reason to believe that the atoms in metals 
are often not united in molecules. Hence we represent them as in 
this case: 2 Hg not Hg2, two single atoms of mercury, not a molecule 
of mereury composed of two atoms. 


Five Types oF REACTIONS 


106. Simple decomposition. This type of chemical change 
involves only one substance, which breaks down by chemical 
change into two or more simpler substances. Such a reaction 
is called a simple decomposition. The decomposition of water 
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into hydrogen and oxygen is an example of this type of chemical 
change. 

107. Direct combination or synthesis. Another type of 
chemical reaction, which is the reverse of simple decomposition, 
is synthesis. In this type we start with two or more substances 
and build up a compound. The following equations are the 
syntheses involving oxygen which we have thus far considered : 


2 Hg + O. —> 2 HgO 
2 H. + O. —> 2 HO 
C+ 0, —~> CO, 
4P+ 50, —> 2 P.O; 
2C+0,—~> 2CO 

2 CO + O2 —> 2 COz 
These equations represent the changes which took place when 
mercury, hydrogen, carbon, and phosphorus were heated in contact 
with pure oxygen or air. The last two equations show the burning 


of carbon in an insufficient supply of oxygen, producing carbon monox- 
ide; and then the burning of carbon monoxide to carbon dioxide. 


108. Simple replacement. The methods of preparing hydro- 
gen (except the electrolysis of water) are examples of a type of 
chemical change called replacement. In this type of reaction 
one element takes the place of some other element or elements 
in a compound. 


Thus, when zine or magnesium acts on hydrochloric acid or sul- 
phuric acid, the metal replaces the hydrogen: 
Zn + 2 HCl —> ZnCl. + He 
Zn + H.SO, —> ZnSO, + He 
Mg + 2 HCl —> MgCl + Hs 


When steam is passed over hot iron, the iron replaces the hydrogen 
of the water, forming the magnetic oxide of iron (Fe;Q,4): 


4H,0 + 3 Fe — Fe,;0, + 4 He 
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When metallic sodium or calcium is placed in water, the metal 
replaces the hydrogen of the water, forming sodium hydroxide (NaOH) 
or calcium hydroxide (Ca(OH),) : 


2 Na+ 2H.O —> 2 NaOH + H, 
Ca a 2 H,O ied Ca(OH). aa H, 


Nore that in order to be able to represent the hydrogen in the molecular 
state (H2) we must prefix the coefficient 2 in several places. 


109. Double decomposition. Probably the commonest type 
of chemical reaction involves the interaction of two compounds 
to produce two other compound products. This is called 
double decomposition because each compound apparently 
breaks up into two parts, each of which unites with a different 
part of the other compound. 


For ExAMPLE, take the reaction of hydrochloric acid (HCl) on 
marble (CaCO;) to form calcium chloride (CaCl,) and carbonic acid 
(H2COs) : 

2 HCl + CaCO; ad CaCl, a. H.CO; 


The carbonic acid decomposes into water (HO) and carbon dioxide 


(COz) : 
H,CO; —~> HO + CO. 


110. Oxidation and reduction. The significance of oxida- 
tion and reduction has already been considered. We need 
now simply to write equations for some of the cases which we 
have met: 

CuO + H, —> Cu+H;0 (§ 37) 
CO,+C—2CO (§ 69) 


111. Reversible reactions. When we dissolve carbon dioxide 
gas in water, there is a combination between the water and the 
carbon dioxide to form the compound carbonic acid : 


H,0 + CO, —> H:CO; 
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If we heat such a solution of carbonic acid the carbon dioxide 
gas is driven off and we finally end with only water: 


H,CO; a H:O + CO, 


This reaction is just the reverse of the first; whether the 
reaction goes one way or the other depends on the conditions, 
in this case primarily on the temperature. We call such a 
reaction a reversible reaction and indicate it by writing a double 


- thus: 
Pree H.O + CO, === H,CO; 


This equation tells us that the reaction will proceed one way 
or the other according to the conditions. 


SUMMARY OF CHAPTER X 


THE CHEMICAL SYMBOL of an element represents one 
atom of the element; it also signifies the atomic weight of the 
element, usually in grams. 

THE FORMULA of a compound shows what elements con- 
stitute the compound, and also the percentage composition. 

AN EQUATION represents an actual chemical reaction. It 
is a picture of the molecular condition of a certain number of atoms 
before and after a chemical change. 

A chemical equation must always be balanced; it must have the 
same number of atoms of each element on one side as on tke 
other. 

BEFORE WE CAN WRITE AN EQUATION WE MUST 
KNOW: 


(1) that the change takes place; 

(2) what substances are involved; 

(3) what the products are; 

(4) the formulas for all the substances involved and all the 
products. 


A chemical equation does not indicate the conditions of the 
reaction. Catalysts and solvents, which are not affected, are 
not expressed. Usually the heat effects are not indicated. 
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CHEMICAL CHANGES CAN BE CLASSIFIED AS 


(a) simple decomposition, (b) direct combination, 
(c) simple replacement, (d) double decomposition, or 
(e) oxidation and reduction. 


A REVERSIBLE REACTION is one in which the reaction may 
proceed in either direction according to conditions. 


QUESTIONS AND PROBLEMS 


1. What is the distinction between a symbol and a formula? 
Illustrate each. 

2. State the meaning of each figure and letter in the following 
formulas :. 2 H.SO,; 10 H20; (NH4)2SO4; Fes(SOx)s. 

3. Calculate the percentage composition of the following com- 
pounds: black copper oxide (CuO); carbon dioxide (CO:); marble 
(CaCO;); iron oxide (Fe;0,); zine sulphate (ZnSOs). 

Hint. Use table of approximate atomic weights on back cover. 

4. Why is a chemical equation called an equation? 

5. What is the difference between O. and 2 0? 

6. What is the difference between simple decomposition and 
double decomposition ? 

7. Write a reversible equation involving hydrogen and oxygen. 
State the conditions under which it goes in each direction. 

8. When zinc and sulphur are heated together, zinc sulphide (ZnS) 
is formed. Write the equation. 

9. When aluminum reacts with hydrochloric acid (HCl), hydrogen 
and aluminum chloride (AICl;) are formed. Write the equation. 

10. When tin is heated in the air, tin oxide (SnO,) is formed. Write 
the equation. 

11. When carbon dioxide is bubbled through limewater (Ca(OH),), 
calcium carbonate (CaCO;) and water are produced. Write the 
equation. 

12. Write the reversible equation for the classic experiment of 
Lavoisier with mereury and air. 


CHAPTER XI 


CHEMICAL CALCULATIONS 


Importance — quantitative meaning of equations — prob- 
lems involving weight only — significant figures — problems 
involving weight and volume — general rules. 


112. Importance of calculations. To the industrial chemist 
the chemical equation is very important because it enables 
him to calculate just how much material he ought to use in a 
given reaction and how large a product he may hope to get. 
In actual practice, however, he very seldom gets the full amount 
of the product as calculated from the equation, and therefore 
he computes the efficiency of his process. These computations 
are all based on the chemical equations of the reactions, and 
require only the simplest arithmetical work. 

113. Quantitative meaning of equations. An equation 
when properly balanced tells us what substances react and 
what the products are; it also gives us the number of mole- 
cules of each substance involved; finally, by using the atomic 
weights, we learn the relative weights of the different substances in 
the equation. 


For EXAMPLE, in the equation for preparing oxygen by heating 
potassium chlorate we may compute the relative weights of potassium 
chlorate, potassium chloride, and oxygen thus: 


2KCIO; —»> 2KCl + 30, 
(2 x 122.5) (274.5) (332) 
245 149 96 


The weight of each molecule (molecular weight) may be found by 
adding the atomic weights of the elements involved : 
110 
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mol. wt. of KC1O; = 39+ 35.5+ (3 X16) =122.5 
mol. wt. of KCl =39435.5=74.5 
mol. wt. of O2 OG eye 


Since there are two molecules of potassium chlorate and of potassium 
chloride in the equation, we multiply their molecular weights by two; 
and as there are three molecules of oxygen, we multiply its molecular 
weight by three. 


We can now read this equation as follows: 245 parts by 
weight of potassium chlorate give 149 parts by weight of potassium 
chloride and 96 parts by weight of oxygen. 


114. Problems involving weight only. What weight of iron 
sulphide (FeS) can be made with 10 grams of iron? Assume the neces- 
sary sulphur is available. 


To avoid mistakes it is well to arrange the work very clearly 
and to do it methodically. 


We first write the equation : 
Fe + S— > FeS 


Then we write under each symbol and formula the weight it represents 
(using the atomic weights given on the back cover) : 

Fe + S— > FeS 

56 32 88 
This means that 56 parts by weight of iron combined with 32 parts 
by weight of sulphur will give 88 parts by weight of iron sulphide. We 
have here the quantitative meaning of the equation. 

Next we again read the problem and place above the symbol for 
iron the weight given, which is 10 g., and above the formula for iron 
sulphide an xz, which is the weight we wish to find; thus: 

10 x 
Fe + S— > FeS 
56 32 88 
Finally we state the proportion thus: 
96: 8S 2: 10 sz 
Hence z= xi or 15.7 grams. 
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Now we shall check up the reasonableness of our answer by roughly 
estimating what it ought to be. In this case we know that 56 parts of 
iron will give 88 parts of iron sulphide. Therefore we ought to get 
about one and a half times as much iron sulphide as the iron with which 
we started. Hence our answer, 15.7 is reasonable. In this way we 
may quickly detect such a mistake as the misplacing of a decimal point 
or the inverting of the proportion. 


115. Significant figures. The atomic weights which are 
to be used in calculating such problems are the approximate 
values given in the table on the back cover. These are not 
the most accurate values which have been determined, but 
they are close enough for practical purposes. It is only in 
very accurate chemical work that we use the most exact values 
that have been obtained. It will be seen that these numbers 
have not more than three figures in them; the fourth, fifth, or 
sixth figure counting from the left has been rounded off. For 
example, the accurate atomic weight of barium is 137.37. We 
call this 137. In the same way, in carrying out arithmetical 
processes we should express the answer in the nearest three figures. 
Since we have used atomic weights that have not more than 
three figures in them, the fourth, fifth, and sixth figures in a 
possible answer will have no significance. We therefore say 
that the problems in this book should be carried to but three 
significant figures. Zeros which occur before a set of numbers, 
as for example in 0.00672, are not considered as significant 
figures; the three significant figures here are 6, 7, and 2. 


116. Problems involving weight and volume. Suppose we 
wish to find out how many liters of carbon dioxide (measured under 
standard conditions) can be obtained from 2 kilograms of marble by 
the action of hydrochloric acid. 


First, we write the complete equation for the reaction : 
CaCO; + 2 HCl ——> CaCl, + H,O + CO, 


Second, we write under each formula the figure representing the 
weight for which each complete formula stands : 


Pian we 
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CaCO; + 2 HCl —_ CaCl. + H;O + CO. 
100 73 111 18 44 


Third, we write above the equation what we know and what we 
desire to know about each of the substances involved : 


2000 
Caco; + 2 HCl —> CaCl + H.0 + CO, 
100 73 111 18 44 


Fourth, we read the equation and the figures as they now stand and 
make a proportion which will show the required value: 


100)" 445 2000* 3s 
Fifth, we solve this proportion and check our answer: 


t= oo = 880 grams. 
Finally, we look up the density of carbon dioxide (see table in 


Appendix), and find it to be about 1.98 grams per liter. 


880 


Therefore the volume = 1.98 = 444 liters. 


Nore. If the conditions were not standard (0° C. and 760 mm.), we should 
simply solve as above and reduce the volume under standard conditions to 
that under the required conditions, as explained in Chapter V. 


Again, suppose the problem to be as follows: How much 
zine is required to produce 10 liters of hydrogen (standard 
conditions) by the action of dilute sulphuric acid? 


We must first find the weight of the hydrogen and then compute 
the weight of the zine needed. 

The weight of 10 liters of hydrogen is 10 X0.09 or 0.90 grams. 

The equation is as follows: 


ot a. ~ —_ ZnSO, + ie 
65 161 


The proportion is 2 5 65.3 2 0:90: <2 
Therefore z= ex = 29.3 grams. 


Note. If the volume of the hydrogen had not been measured under standard 
conditions, the first step would have been to reduce the volume to standard 
conditions, for the density of hydrogen (0.09 grams per liter) applies only ta 
standard conditions, 
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117. General rules. Let us sum up in five general rules 
the method used in solving chemical problems : 


(1) Write the complete equation for the reaction in question. 


(2) Write under each formula the figure representing the 
weight for which each complete formula stands. 


(3) Write above the equation what we know and desire to 
know about each of the substances involved in the reaction. 


(4) Read the equation and the figures as they now stand 
and make a proportion which will show the required value. 


(5) Solve this proportion and decide whether the answer is 
reasonable by making a rough calculation as to what the 
answer should be. 


SUMMARY OF CHAPTER XI 


A CHEMICAL EQUATION represents the relative weights 
of each of the substances involved. By writing out equations 
and then by using atomic and molecular weights, it is possible 
to calculate how much of any substance may be required or pro- 
duced in a chemical change. 

THE ACTUAL WEIGHTS of the substances are in the same 
ratio as the weights of the molecules involved. Such calculations 
deal with but {wo of the substances at a time. 

PROBLEMS INVOLVING WEIGHT AND VOLUME may be 
solved first by finding the weight of the gas involved and then by 
computing the volume from the density. Or, if the volume is 
given, compute the weight and solve by proportion. 


PROBLEMS 
1. How much potassium chlorate must be used to generate 2 
grams of oxygen? 
2. How much mercurie oxide must be used to generate 2 grams 
of oxygen? 
3. What weight of zine will be needed to generate 100 liters of 
hydrogen, using dilute sulphuric acid? 
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4. What weight of zinc will be needed to generate 100 liters of 
hydrogen, using dilute hydrochloric acid? 

5. Calculate the weight of hydrogen generated when 100 ec. of 
dilute sulphuric acid containing 25 grams of pure sulphuric acid is 
added to 10 grams of zine. 

6. What volume of hydrogen (measured under standard condi- 
tions) could be obtained by the electrolytic decomposition of 5 grams 
of water? 

7. What volume of hydrogen (measured under standard condi- 
tions) is needed to reduce 10 grams of copper oxide (CuO) ? 

8. How many grams of mercury would result from the complete 
decomposition of 5 grams of mercuric oxide? 

9. What weight of zine is required to make 10 liters of hydrogen 
(at 15° C. and 745 mm.) by replacement from sulphuric acid? 


10. What volume of carbon dioxide (measured under standard 
conditions) would be given off from 1 kilogram of sodium bicarbonate 
in a fire extinguisher? The equation is 


2 NaHCO; +. H.SO, —_ 2 CO, t +2 HO — Na.SO, 


Topic FOR FURTHER STUDY 


Practical chemical calculations. Suppose hydrogen is desired for 
balloons. How much would the raw materials cost for making 100,000 
cu. ft. of the gas from (a) zine and acid; (b) iron and acid? What 
would be the cheapest acid to employ? Which of these methods 
would seem to be the more economical? There are other important 
items of expense beside raw materials; a final answer to the cost of 
manufacturing hydrogen could be given only if these other expenses 
were known. What methods were used to prepare hydrogen for the 
balloons used in the World War? (Market prices of materials will 
be found in trade journals, such as Chemical and Metallurgical 
Engineering.) : 


CHAPTER XII 


HYDROGEN CHLORIDE 


Common salt and sulphurie acid — laboratory and com- 
mercial preparation of hydrogen chloride — properties — 
hydrochloric acid — acids in general — bases — neutraliza- 
tion — chlorides — test for a chloride — uses of hydrochloric 
acid — composition of hydrogen chloride by electrolysis and 
by synthesis. 


118. Action of common salt and sulphuric acid. Thus far 
we have been principally concerned with water and its con- 
stituent elements, and with the air and its components. Another 
very familiar substance is common salt, or sodium chloride 
(NaCl). Sulphuric acid (H.SO,), a chemical with which we 
have already worked, is doubtless the most important sub- 
stance which the chemist uses. Let us find out what happens 
when this acid is added to common salt. 


We place a pinch of sodium chloride in a test tube and add a few 
drops of concentrated sulphuric acid. If necessary we warm it slightly 
in order to start the action. We soon see bubbles of gas forming on 
the salt and rising through the acid, and we smell a sharp, choking 
odor. The gas itself has no color, but when we blow over the top of 
the tube a white cloud is formed. A piece of moist blue litmus paper 
turns from blue to red when we bring it near the mouth of the tube. 
If we bring near the open end of the tube a piece of filter paper wet 
with ammonia water, a very dense white smoke appears. These are 
the characteristics of a gas known as hydrogen chloride (HCl). 


119. Preparation of hydrogen chloride. In order to study 
further the properties of hydrogen chloride we may set up the appa- 
ratusshownin figure 74. The flask contains a handful of common salt. 
The sulphurie acid is introduced through a thistle tube which reaches 
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nearly to the bottom of the flask. Since the gas (HCl) is extremely 
soluble in water, we cannot collect it over water. It is, however, 
heavier than air; so we may collect it in an open bottle by downward 
displacement of the air. Heat must be applied very gently when it is 
necessary. The presence of 
the gas in the bottle is recog- 
nized by the pungent odor and 
by the white fumes which ap- 
pear when the breath is blown 
over the top of the bottle. 


The method used in man- 
ufacturing hydrogen chlo- 
ride on a commercial scale 
is not different in principle 
from that just described. 
When sulphurie acid 
(H,SO,4) and sodium chlo- 
ride (NaCl) react, the 
hydrogen of the acid com- 
bines with the chlorine of 
the salt to form the gas 
hydrogen chloride (HCl), 
which is given off. There is left behind in the flask or retort a 
white solid which is called sodium sulphate (Na:SO,). This 
reaction can be expressed thus: 


H.SO, + 2 NaCl —> Na.SO, + 2 HCl t 


sulphuric sodium sodium hydrogen 
aci chloride sulphate chloride 





Fig. 74. Hydrogen chloride generator. 


It will be noted that this is an example of double decomposition 
and that one of the productsis a gas. Thisis indicated by the arrow 
pointing up. Sulphuric acid is used because it boils at a comparatively 
high temperature (338° C.), while hydrogen chloride is a gas at room 
temperatures. 


120. An experiment with hydrogen chloride. The extreme 
solubility of this gas in water may be strikingly shown in the 
following experiment: 
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We fill a dry flask with the gas and insert in it a two-hole rubber 
stopper in one hole of which is a ‘‘ dropper ”’ containing water and in 
the other a straight glass tube drawn down to a small opening on the 
inside end. The apparatus is set up as shown in figure 75. Next we 
pinch the rubber bulb, expelling a few drops 
of water into the flask. This water dis- 
solves so much of the gas that the water 
in the jar is forced by atmospheric pressure 
to behave like a fountain. 


It is this great solubility of hydrogen 
chloride in water which causes the 
characteristic fuming of the gas in 
moist air. The moisture of the air dis- 
solves the gas and then forms small 
droplets of the solution, which remain 
suspended in the air like white fog. 

121. Properties. Hydrogen chloride 
is a colorless gas, about one-fourth 
heavier than air. It has a very irri- 
tating, sharp odor and is extremely 
soluble in water: one cubic centimeter 
of water dissolves between 400 and 
Fig. 75. Hydrogen chloride 900 cubic centimeters of the gas. 

is extremely soluble in Hydrogen chloride will not burn and 

26g will not support combustion. The 
dry gas reacts only very slowly with most metals at room 
temperature. It will react with some at a high temperature. 
The hydrogen of the compound is liberated as hydrogen gas, 
and the chlorine combines with the metal (simple replacement). 





It reacts with zine and the product is zine chloride (ZnCl), a white 
solid. The equation for the reaction is: 


Zn + 2HC]l —> ZnCh + Hat 


zine hydrogen zine hydrogen 
chloride chloride 


The above reaction is exactly analogous to that between steam and 
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iron to give hydrogen and iron oxide. The equation for this reaction 


is: 
3 Fe + 4 H.O —>- Fe30, + 4 He t 


iron steam iron hydrogen 
oxide 


122. Hydrochloric acid. The solution of hydrogen chloride 
in water is known as hydrochloric acid. Its properties are 
quite different from those of the dry gas, and the two substances 
should not be confused. Solutions of the gas in water con- 
taining as much as 40 per cent by weight of the gas can be 
prepared. A solution containing more than 30 per cent of 
the gas is called concentrated hydrochloric acid. This is the 
concentration of the commercial acid which is known as ‘“ mu- 
riatic acid.”” When it is diluted with 3 or 4 times its volume 
of water, we have dilute hydrochloric acid. A concentrated 
solution of the pure gas in distilled water is “‘ chemically pure ” 
(C. P.) hydrochloric acid. This is a colorless liquid with a 
density of about 1.2 grams per cubic centimeter. 

Hydrochloric acid is a very active substance. We have 
already used it for preparing carbon dioxide (§ 63). It reacts 
vigorously with zinc, producing hydrogen. In fact, with all 
the common metals except mercury, silver, copper, and lead, 
hydrochloric acid produces hydrogen. The equation for the 
reaction with zinc is: 

Zn + 2HCl —> ZnCl, + He! 


zinc hydrochloric zinc hydrogen 
i chloride 


This reaction is exactly the same as that of the dry hydrogen chloride 
except that it takes place very rapidly and at room temperature. 


123. Acids in general. Hydrochloric acid is an example 
of the large class of substances known as acids, all of which 
contain hydrogen. In a dilute water solution the hydrogen 
can be liberated by metals, the action being a case of replace- 
ment. Some substances, like sugar, contain hydrogen, which 
cannot be replaced by metals; they are therefore not acids. 
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Water solutions of all acids have a peculiar sour taste, and all 
turn a certain natural dye, called litmus, from blue to red. Some 
of the commoner acids, besides hydrochloric and sulphuric, are 
nitric, acetic (which gives vinegar its sour taste), and citric 
acid (which is one of the acids present in 
lemons). 

Another characteristic of acids is their 
rapid reaction with certain compounds 
known as bases. 

124. Bases. We saw (§31) that when 
sodium reacts with water, hydrogen and 
a compound called sodium hydroxide 
(NaOH) are formed. This compound is 
soluble in water and when its water solu- 
tion is evaporated it is left as a white 
solid. Sodium hydroxide, known com- 
mercially as “ caustic soda,” is a typical 
base. Certain soluble bases (NaOH and 
KOH) are called alkalies. Water solutions 
of bases have a peculiar biting, or caustic, 
taste and a soapy feeling. They change red 
litmus to blue, which is the reverse of the 
change caused by acids. They all contain 
Fig. 76. Neutralization oxygen and hydrogen, a combination of 

of an acid by a base. atoms called the hydroxyl group (OH). 





125. Neutralization of base and acid. When a base and ~ 


an acid are brought together in solution in just the right pro- 
portion, the characteristic properties of each disappear. It is 
evident that there has been a chemical change. The base and 
the acid are said to neutralize each other, and the process is 
called neutralization. To determine just when the right amount 
of acid has been used to neutralize a given amount of base, we 
use litmus or some other indicator * like phenolphthalein. 


* An indicator is a substance which shows one color in an acid and another 
in a base solution. 
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If we allow 10 ce. of hydrochloric acid to run from a burette (Fig. 
76) into a beaker, and add a drop or two of litmus, the solution becomes 
bright red. A dilute solution of sodium hydroxide is now added little 
by little from the other burette, and the solution is stirred. When 
a certain amount of the base has run in, the color of the solution sud- 
denly turns blue. This shows that slightly too much base has been 
added. A few drops of acid will restore the red color, and a few drops 
more of the base will again make the solution blue. When the solu- 
tion is at a point where a drop of either acid or base will reverse the 
process, the right proportions of acid and base are present. This is 
called the end point. Burettes are used in such an experiment so that 
the amount of acid and base employed may be accurately measured. 
If the solution is now evaporated, little cubes of a white solid will be 
found which is common salt. 


By the reaction of sodium hydroxide and hydrochloric acid 
sodium chloride and water have been formed. The sodium 
chloride is soluble in water and can be found only by evapora- 
tion. The equation for this important reaction is: 


Base AcIp Sar WATER 
NaOH + HCl — NaCl + H.0 
sodium hydrochloric sodium water 
hydroxide acid chloride 


Sodium chloride (common salt) is an example of a very large 
and important group of compounds known as salts. The 
process of neutralization always produces a salt and water. 
It should be noted that the metal of the base and the non- 
hydrogen part of the acid are united in the salt. The com- 
pounds formed by the replacement of the hydrogen of an acid by a 
metal are called salts. 

126. Chlorides. The compound resulting from the union 
of an element and chlorine is called a chloride. All the salts 
which are formed from hydrochloric acid are called chlorides, 
irrespective of the base employed. Whenever a metal, such 
as zinc, reacts with hydrochloric acid, the metallic chloride 
(as zine chloride) is made. Sometimes a chloride is formed by 
the direct combination of an element and chlorine, as, for 
instance, antimony and chlorine (§ 310). 
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All the common chlorides are readily soluble in water except 
those of silver (AgCl), lead (PbClz), and mercury (HgCl). 

127. Test for a chloride. A solution of silver nitrate 
(AgNO;) — which is made from silver and nitric acid — is a 
test for a chloride, because it pro- 
duces a white, curdy precipitate 
(AgCl) with every solution which 
contains a chloride. A precipitate 
is an insoluble solid which results 
from a chemical action in solu- 
tion. 


If we dissolve a pinch of sodium 
chloride (NaCl) in water and add a 
few drops of silver nitrate solution, a 
white curdy precipitate (Fig. 77) con- 
sisting of silver chloride is at once pro- 
duced. We may divide the liquid con- 
taining the precipitate into two parts 
and add ammonia water to one and 
‘nitrie acid to the other. It will be 
seen that the precipitate dissolves in 
ammonia water and does not dissolve 
Hig. 77. Pouring silver ‘nitrate in nitric acid. It will also be observed 
into sodium chloride precipi- that the while precipitate turns purple 
tates silver chloride. on standing in the sunlight. 





The equation for this double decomposition is 


NaCl + AgNO; —» AgCl| + NaNO; 


sodium silver silver sodium 
chloride nitrate chloride nitrate 


Note. The small arrow after AgCl pointing downward indicates that the 
silver chloride is precipitated and drops down. 


This test is a very sensitive one, and the presence of a very 
minute quantity of chloride can thus be recognized. 

128. Uses of hydrochloric acid. Very small quantities 
of hydrochloric acid are always found in the stomach, for its 
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presence is necessary in the digestive process. This acid is 
produced in the body from the salt that is taken with the food. 

Concentrated hydrochloric acid is man- 
ufactured in considerable quantities for use 
in the industries and in laboratories. It 
is generally shipped in large glass carboys 
(Fig. 78) packed in wooden boxes. It is used 
by tinmen and plumbers for cleaning metal 
surfaces which are to be soldered. 

129. Composition of hydrogen chloride. 
The fact that hydrogen chloride is composed 
of hydrogen and chlorine may be demon- 
strated in the same way that the composition Fi8-_78- Carboy of 

acid packed for 
of water is shown; that is, by electrolysis. transportation. 









ee 
Acid C.P. 
VY 









If concentrated hydrochloric acid is placed in 
the apparatus (Fig. 79) and an electric current is 
passed through the solution, we find that hydro- 
gen is produced at the negative (—) electrode and 
chlorine at the positive (+). At first the gases 
collect at unequal rates because the chlorine dis- 
solves in the solution; but after a time the liquid 
becomes saturated, and both gases, the hydrogen 
and the chlorine, collect in the tubes in equal 
volumes. 


In this experiment we obtain from the 
aqueous solution of hydrogen chloride equal 
volumes of hydrogen and of chlorine, a gas 
which we have not as yet considered. This 
new gas is found to be greenish in color and 
to have a suffocating and irritating effect 
when breathed into the lungs. 

Fig. 79. Electrolysis © We may also, as in the case of water, re- 

of hydrochloric acid. J or6 the experiment and show the formation 
of hydrogen chloride by the synthesis of equal volumes of hydro- 
gen and chiorine. 
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A small bottle (Fig. 80) is filled with. concentrated hydrochloric 
acid nearly up to the neck, and an electric current is sent through the 
solution for about 15 minutes. We then connect the exit tube with 
a stout glass tube (Fig. 81) which has a stopcock at each end. We 

allow the gases, hydrogen and chlorine, to pass 
through the straight tube and then to bubble 
through a sodium hydroxide solution. The 
whole apparatus has been covered with a dark 
cloth to prevent a premature explosion due to 
the sunlight. It is best to let the gases pass 
through the apparatus for at least 15 minutes 
more, then te close both cocks and to stop the 
current. 
The mixture of hydrogen and chlorine may 
be exploded by an electric spark if the tube is 
Fig. 80. Preparation of Provided with platinum wires; or it may be 
hydrogen and chlorine. exploded still more easily by exposure to di- 
rect sunlight or to a magnesium flashlight. 
Caution! The gases explode instantly, but there is no noise, only a 
little click with a flash of light in the tube. 

To show the volume of hydrogen chloride gas formed, we may 
place one end of the tube under some mercury in a dish and open the 
stopcock at that end. Since the mercury does not rise in the tube 
and no bubbles of gas escape, the volume of the hydrogen chloride is just 
equal to the sum of 
the volumes of hydro- 
gen and chlorine. 

If we now open Fig. 81. Tube for synthesis of hydrogen chloride. 
one end of the tube 
beneath water, we notice that the water is sucked up into the tube witha 
rush. On testing the water in the tube we find that it is hydrochloric acid. 


These experiments show that one volume of hydrogen combines 
with one volume of chlorine to form two volumes of hydrogen 
chloride gas. 


H,| #. + — . |Hcl| BC 
1 vol. hydrogen+1 vol. chlorine —~> 2 vol. hydrogen chloride 


This is a very interesting illustration of Gay-Lussac’s Law 
of Volumes (§ 58). 
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HYDROGEN CHLORIDE IS PREPARED by the action of 
concentrated sulphuric acid on sodium chloride. 

PROPERTIES: Hydrogen chloride is a colorless gas with 
a pungent odor. It forms a cloud with moist air, is extremely 
soluble in water, and is one-fourth heavier than air. The dry gas 
is inactive. 

HYDROCHLORIC ACID (or muriatic acid) is a water solution 
of hydrogen chloride. It is a typical acid: it reacts with metals, 
such as zinc, evolving hydrogen; it tastes sour and turns blue 
litmus red. 

A CHLORIDE is a compound of chlorine and some other 
element. All the common chlorides except three are soluble in 
water. 

BASES are compounds which will neutralize acids. They 
are mostly hydroxides of metals. Those that are soluble in water 
are alkaline; they turn red litmus blue. 

SALTS are the compounds produced by the replacement of the 
hydrogen of an acid by a metal. A salt and water are produced 
by the neutralization of a base by an acid. 

COMPOSITION OF HYDROGEN CHLORIDE: one volume 
of hydrogen will combine with one volume of chlorine to yield 
two volumes of hydrogen chloride. 


QUESTIONS AND PROBLEMS 
1. In preparing hydrogen chloride, what substance furnishes the 
hydrogen? what substance the chlorine? 


2. Why is the aqueous solution of hydrogen chloride more useful 
than the dry gas? 


3. What are the three characteristic properties of acids in water 
solutions ? 


4. How does a base differ from an acid? 
5. How would you prove that a given solution contained a chloride? 


6. What are the products formed in neutralizing a base with an 
acid? 


7. Why does a tinman use muriatic acid in soldering metals? 
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8. Why is hydrochloric acid not shipped in tin cans? 


9. What are the difficulties in connection with the electrolysis of 
hydrochlorie acid? 


10. What precautions must be taken in the synthesis of hydrogen 
chloride? 
11. What chemical law is illustrated in the synthesis of hydrogen 


chloride? What other experiment have we had which illustrates 
the same law? 


12. Calculate the percentage composition of hydrogen chloride. 

13. How many grams of sodium chloride are needed to yield, with 
sulphuric acid, 30 grams of hydrogen chloride? 

14. If the gas in Problem 13 is dissolved in water, making a 30% 
solution whose density is 1.15 grams per cubic centimeter, how many 
cubic centimeters of hydrochloric acid will be produced ? 


REVIEW QUESTIONS 


1. Define and explain the terms element; compound; atom; mole- 
cule. 

2. (a) Define an acid, a base, and a salt. (b) Write equations il- 
lustrating methods for making one member of each of these classes of 
substances. 


3. What weight of sodium sulphate could be obtained from 10 
grams of sodium chloride ? 


4. State the Law of Multiple Frogggnens, Explain this law by 
means of examples. 


5. Write the following equations in complete form, using formulas: 
(Hot) copper and oxygen (gas) = ? 
(Hot) zine and water (vapor) = ? 
Zine oxide and sulphuric acid = ? 
Magnesium and hydrochloric acid = ? 
Sodium hydroxide and sulphuric acid = ? 


Topic FOR FuRTHER STUDY 


The manufacture of hydrochloric acid. What is the commercial 
method of preparing hydrochlorie acid? What raw materials are used ? 
What is the by-product? Of what is the apparatus built? Why? 
Consult a book on Industrial Chemistry (Thorp’s or Rogers’). 


CHAPTER XIII 
ATOMIC AND MOLECULAR WEIGHTS * 


Formula is result of experiments — Avogadro’s theory — 
its consequences — hydrogen molecule has two atoms — 
problems involving volumes of gases only — molecular 
weights — gram-molecular volume—atomic weights — 
atomic weight from molecular weight — combining weights — 
precise determination of atomic weights— finding the 
formula of a compound. 


130. A formula is the result of experiments. Thus far we 
have shown no experimental evidence why the molecules of 
hydrogen, oxygen, nitrogen, and chlorine should be represented 
by He, Or, Ne, and Cle. Nor have we attempted to explain why 
a molecule of water is represented by H20, a molecule of sul- 
phuric acid by H2SOx,, and a molecule of acetylene gas by C2Ho». 
This interesting problem of how the formula of a substance is 
determined by experiment we shall discuss in this chapter. 

131. Uniformity of gases. We have already learned in 
Chapter V that all gases behave alike as regards the effects of 
pressure. Thus, the volume of any gas varies inversely as the 
pressure if the temperature remains the same, according to BoyLr’s 
Law. We have also learned that all gases behave alike as re- 
gards the effects of temperature. Thus, the volume of any gas 
varies directly as the absolute temperature if the pressure remains 
the same, according to the Law or CHARLES. 


In Chapter VI we learned from the volumetric synthesis of 
steam that 


2 vol. hydrogen + 1 vol. oxygen —~> 2 vol. steam 


* Some teachers may prefer to postpone or omit this chapter. 
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In Chapter XII we have just seen that 


1 vol. hydrogen + 1 vol. chlorine —~> 2 vol. hydrogen chloride 


A careful study of the process of making ammonia gas by 
the direct union of hydrogen and nitrogen gives these results : 


3 vol. hydrogen + 1 vol. nitrogen —> 2 vol. ammonia 


These experimental facts all illustrate the Law or Gay- 
Lussac: 


The volumes of gases used and produced in a chemical change can 
always be represented by the ratio of small whole numbers. 


132. Avogadro’s explanation. These striking cases of uni- 
formity in the behavior of gases led the famous Italian, Avo- 
gadro (Fig. 82), in 1811 to the fol- 
lowing explanation: He assumed that 
equal volumes of gases under like con- 
ditions of temperature and pressure 
contain the same number of molecules. 
In other words, 1 cubie centimeter 
of hydrogen has just as many mole- 
cules as 1 cubie centimeter of oxy- 
gen, nitrogen, chlorine, hydrogen 
Fic. 82. Porrrarr Mepa, Chloride, or any other gas, provided 

or Amepro Avocapro the conditions of temperature and 

(1776-1856). pressure are the same. 

Professor fn at Turin, 133. Consequences of this theory. 

e It should be noticed at once that 
this theory makes no assumption as to the actual number 
of molecules in a cubic centimeter. But it does give 
us a simple method of comparing the weights of molecules 
of gas by comparing the densities of the gases, that is, 
their weights per unit volume. We can best show this in 
a table: 
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Cis Density, RELATIVE WEIGHTS OF 
(Grams per liter) MOo.LeEecuLEs 
Elta FOP OT Ate at) Posies era ce 0.09 1 
Nee IMMEE A Id ay. res aria fm 6c we 8” Vins 1.43 16 
Nitrogen PR en og oh ko 1.25 14 
Hydrogen chloride .... © 1.64 18.2 








In this table we have used only the approximate values for 
densities and have taken hydrogen as the basis of comparison. 
It will be seen that the third column gives us the relative 
weights of the molecules referred to the hydrogen molecule 
as a standard. 

134. Hydrogen molecule has two atoms. Another very 
interesting conclusion that we draw from Avogadro’s theory 
is that every molecule of hydrogen has at least two atoms. Let 
us see why this is so. Our experiment in the synthesis of 
hydrogen chloride showed that 


1 vol. hydrogen + 1 vol. chlorine —> 2 vol. hydrogen chloride 


According to Avogadro we must assume that we have the 
same number of molecules of hydrogen as of chlorine and twice 
that number of molecules of hydrogen chloride. Suppose we 
have a million molecules of hydrogen; then we must have a 
million molecules of chlorine and two million molecules of 
hydrogen chloride. Each one of these molecules of hydrogen 
chloride must contain at least one atom of hydrogen; so that 
we have in all two million atoms of hydrogen coming from one 
million molecules of hydrogen. This experiment indicates that 
each molecule of hydrogen contains at least 2 atoms of hydrogen. 


It may help us to picture this relation if we draw squares to repre- 
sent the equal volumes, as shown below: 






1 Million 


1 Million 


1 Million 1 Million 
Molecules —> Molecules | Molecules 
Cle Af Cl HCl 


Molecules 
H2 





Hydrogen Chlorine Hydrogen chloride 
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By a similar course of reasoning it follows that the chlorine 
molecule also contains at least two atoms. 
We represent these facts by the following equation : 


H, + Cl —> 2 HCl 


This means that one molecule of hydrogen, containing 2 atoms, plus 
one molecule of chlorine, containing 2 atoms, gives 2 molecules of hydro- 
gen chloride, each containing one atom of hydrogen and one atom of 
chlorine. 


Note. It should be remembered that any even number might be used instead 
oi two; but since there is no reaction in which the hydrogen molecule appears 
to be divided into more than two parts, we decide that there must be only two 
atoms in the molecule. 


From a consideration of the volumetric synthesis of steam, 
we come by similar reasoning to the conclusion that the oxygen 
molecule contains two atoms; and from a study of the synthesis 
of ammonia, we conclude that the nitrogen molecule also con- 
tains two atoms. 

135. Problems involving volumes of gases. One of the 
practical advantages which results from writing our equations 
involving the reaction of gases in molecular form is that it gives 
us a very simple method of computing the volumes of the gases 
involved. 


For EXAMPLE, suppose we wish to find the volume of oxygen needed 
to burn 1 liter of carbon monoxide. 
We first write the equation 


Since equal numbers of molecules of gases occupy equal volumes, 
we may read the equation thus: 


2 vol. CO + 1 vol. O. — >» 2 vol. CO, 
Therefore 1 liter of CO will require one-half a liter or 600 cc. of 
oxygen. 


Rute. In the case of gases the coefficients of formulas in equa- 
tions represent the relative volumes of the substances. 
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136. Finding molecular weights. We have just seen how, 
by comparing the densities of gases, we may get the relative 
weights of their molecules. But the chemist takes as his 
standard the hydrogen atom. Therefore, the molecular weight 
of a substance is a number which expresses how many times its 
molecule is heavier than the hydrogen atom. 

For example, the density of oxygen is approximately 1.43 
grams per liter, and the density of hydrogen is about 0.09 
grams per liter; therefore the density of oxygen is aa or 
about 16 times the density of hydrogen. According to Avo- 
gadro, these densities will have the same ratio as the weights 
of the molecules. Therefore one molecule of oxygen weighs 
16 times as much as one molecule of hydrogen. But we have 
just seen that one molecule of hydrogen contains two atoms; 
therefore one molecule of oxygen weighs 216 or 32 times as 
much as one atom of hydrogen. In other words, the molecular 
weight of oxygen is 32. 

In the same way we can find the molecular weight of nitrogen. 
Since nitrogen is 14 times as heavy as hydrogen, its molecule 
is 2X14 or 28 times as heavy as the hydrogen atom. Also, 
in comparing the densities of hydrogen chloride and hydrogen, 
we find that hydrogen chloride is 18.2 times as heavy as hydro- 
gen, and therefore its molecular weight is 218.2 or 36.4. 

137. Gram-molecular volume. We have just seen that the 
molecular weight of oxygen is 32. The chemist often has occa- 
sion to use as many grams of a gas as there are units in its molec- 
ular weight, and so he calls this weight the gram-molecular 
weight. Thus, 32 grams is the gram-molecular weight of oxygen, 
28 grams is the gram-molecular weight of nitrogen, and 36.4 
grams is the gram-molecular weight of hydrogen chloride. 

What volume does 32 grams of oxygen occupy under stand- 
ard conditions? Since one liter of oxygen weighs approxi- 


mately 1.43 grams, it follows that it takes os or 22.4 liters of 
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oxygen to weigh 32 grams. If we divide the gram-molecular 
weight of any gas by its density, we always get 22.4 liters. 
Therefore we conclude that the gram-molecular weight of any 
gas occupies a volume of 22.4 

liters. 
This gaseous volume of 
22.4 liters (Fig. 83) is one 
of great importance to the 
chemist in the laboratory, 
for it furnishes him a quick 
2 2 A means of calculating the 
. molecular weight of any sub- 
stance which can be weighed 
LitERS in the gaseous state: all he 
has to do is to compute from 
the weight of a given vol- 
ume under standard condi- 
Fig. 83. Cube representing one gram- tions what 22.4 liters would 

molecular volume. weigh in grams. 





For EXAMPLE, carbon dioxide weighs approximately 1.98 grams 
per liter; therefore 22.4 liters would weigh 22.41.98 or about 44 
grams. The molecular weight of carbon dioxide is, then, approxi- 
mately 44. 

Again, nitrogen weighs 1.25 grams per liter; therefore 22.4 liters 
wou'd weigh 22.41.25 or about 28 grams. The molecular weight 
of nitrogen is, then, approximately 28. 


QUESTIONS AND PROBLEMS 


1. State the facts and theories which lead us to believe that the 
oxygen molecule contains two atoms. 

2. State approximately the relative number of molecules of nitrogen 
and oxygen in the atmosphere. 

3. From the table of densities of gases given in the Appendix, 
compute the molecular weights of the following gases: (a) Acetylene; 
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(b) Ammonia: (c) Carbon monoxide; (d) Hydrogen sulphide; and 
(e) Sulphur dioxide. 


4. The equation for the reduction of carbon dioxide with red-hot 
carbon is as follows: co, +. 2C0 


and the equation for burning carbon monoxide is: 
2CO + O. — > 2CO, 


(a) What volume of carbon monoxide will be produced by the 
reduction of 100 liters of carbon dioxide? 

(b) What volume of oxygen is needed to burn the carbon monoxide 
produced in problem (a)? 


5. When 150 ee. of hydrogen burn in chlorine, how many cubic 
centimeters of hydrogen chloride are produced? 


6. If the molecular weight of nitrous oxide is 44, what is the approxi- 
mate density (grams per liter) of the gas? 


7. The density of helium is 0.178 grams per liter and its atomic 
weight is 3.99. How many atoms does a helium molecule contain? 


138. Atomic weights. Another result of Avogadro’s theory 
is that it gives us a direct method of calculating the relative 
weights of the atoms, that is, the atomic weights. We have 
just seen that the oxygen molecule is approximately 16 times 
as heavy as the hydrogen molecule, and we have also seen that 
the oxygen and hydrogen molecules each have 2 atoms. There- 
fore we can say that the oxygen atom is 16 times as heavy as 
the hydrogen atom; in other words, the atomic weight of oxygen 
is 16, referred to the hydrogen atom as a standard. 

In the same way we can compute the atomic weight of 
nitrogen as 14 and of chlorine as 35.5. 

Unfortunately we cannot apply this same method to all the 
elements because we cannot obtain them in the gaseous condi- 
tion. 

139. Atomic weight from molecular weight. We have seen 
that the molecular weight of a substance expresses the number 
of times its molecule is heavier than the hydrogen atom; and 
that the atomic weight of a substance expresses the number of 
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times its atom is heavier than the hydrogen atom, the unit 
in each case being the same, namely, the hydrogen atom. It 
is evident, then, that the molecular weight of a compound 
is equal to the sum of the atomic weights of its constituent 
atoms. 

It is possible experimentally (by means of its density, if it 
is a gas, and also by other methods not described here) to 
determine the molecular weight of a compound; it is also 
possible to determine experimentally its percentage composi- 
tion by weight. Ii, then, we multiply the molecular weight of 
the compound by the percentage of each element present, we shall 
get numbers which are the atomic weights, or some multiple of 
them, of the constituent elements. Further, if we analyze several 
compounds of the same element, we shall find that the numbers 
obtained by multiplying the molecular weights by the per- 
centage composition of the element will in each case be the 
same, or multiples. We then take as the atomic weight the 
smallest weight of any given element in the compounds con- 
sidered. In other words, by this method the smallest weight 
of an element found in the gram-molecular weights of its compounds 
is the atomic weight of that element. 


@ For examp pe, let us determine the atomic weight of the element 
earbon. This element forms a number of gaseous compounds, whose 
molecular weights can easily be determined by finding the densities 
and multiplying by 22.4 (§ 137). The molecular weights of four such 
gaseous compounds of earbon (earbon dioxide, carbon monoxide, 
marsh gas, and acetylene) are given in the following table. We 
determine by experiment the percentage of carbon in each of these 
gases; the results are given in the third column. If we now, in each 
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Carbon dioxide . 44,28 21.20 12.08 
Carbon monoxide 28.02 42.86 12.01 
Marsh gas 16.06 75.0 12.08 
Acetylene . 23.98 


25.98 92.31 
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case, multiply the molecular weight by the percentage of carbon, we 
shall find what part of the molecular weight is due to the carbon (fourth 
column). 

From the results in the fourth column it is evident that ‘“ the 
smallest weight of this element found in the gram-molecular weights 
of its compounds’ is 12. Therefore the atomic weight of carbon is ap- 
proximately 12. No compound has ever been found which gives 4 
smaller weight for carbon. 


140. Atomic weights and combining weights. If we analyze 
hydrogen chloride we shall find that 35.5 grams of chlorine 
are united with 1 gram of hydrogen. The chemist calls this 
number 35.5 the combining weight or reacting weight of chlo- 
rine. The combining, or reacting, weight of an element is the 
weight of that element which combines with or replaces 1 gram 
of hydrogen. It will be seen at once that this combining weight 
is exactly equal to the atomic weight of chlorine, which we 
have already determined by comparing the densities of the 
elementary gases chlorine and hydrogen. Indeed, this com- 
bining weight must be its atomic weight, because a molecule 
of hydrogen chloride (HCl) consists of but one atom of hydrogen 
combined with one atom of chlorine. 

Unfortunately the combining weights of some elements ar 
not equal to their atomic weights. If we analyze water (§ 59 
we find that 1 part of hydrogen unites with 8 parts by weight 
of oxygen, and therefore the combining weight of oxygen is 8, 
or one-half its atomic weight. It has been found in general 
that the atomic weight of an element is equal to its combining 
weight or some multiple of it. In the case of oxygen this mul- 
tiple is 2. 

Let us take the case of an element which does not com- 
bine with hydrogen but which replaces it. Such an element 
is zinc; its combining weight may be determined as follows: 

If we put metallic zine in hydrochloric acid, hydrogen 
and zinc hydroxide are formed. When this experiment is 
done quantitatively, we find that 32.5 grams of zinc replace 
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1 gram of hydrogen. Therefore the combining weight of 
zinc 18 32.5/ 

141. An ‘indirect method of determining the combining 
weight. The question might easily arise, How can we determine 
the combining weight of an element which does not combine 
with or replace hydrogen? If we analyze black copper oxide, 
we find that 31.8 grams of copper are combined with 8.00 grams 
of oxygen. That is, the combining weight of oxygen (8.00 
grams) is united to 31.8 grams of copper; hence we feel 
sure that if copper and hydrogen did unite, 31.8 grams of 
copper would combine with 1 gram of hydrogen. The com- 
bining weight of copper is therefore 31.8. 


In general, when an element does not unite with or replace 
hydrogen, we can determine its combining, or reacting, weight by 
finding what weight of it will unite with the known combining 
weight of another element. 


142. Precise determination of atomic weights. The com- 
bining, or reacting, weight of an element can be determined 
in the laboratory with great accuracy. The method for de- 
termining atomic weights which has already been described 
(§ 139) involves finding the density of a gas. This cannot be 
done with exactness, and therefore the results are only approxi- 
mate. To find the precise atomic weight we determine the 
combining, or reacting, weight with great care and then multiply 
by some small whole number which will make the result agree 
with the approximate value. 

Up to this point we have assumed that the oxygen atom was 
exactly 16 times as heavy as the hydrogen atom. Precise 
experiments have shown, however, that oxygen is 15.901 times 
as heavy as hydrogen, so that the atomic weight of oxygen, on 
the basis that hydrogen is 1, would be 15.901. For many 
reasons chemists have found it more convenient to call the 
atomic weight of oxygen exactly 16.00, which makes the atomic 
weight of hydrogen 1.008. 
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These values for atomic weights are thus, obviously, dependent 
on the precise chemical analysis of compounds. Such experimental 
work must be done with extreme care and extraordinary precision. 
One of the first chemists to make a systematic study of atomic weights 


was Berzelius. His methods 
have been greatly improved 
upon by later chemists, and to- 
day the accepted atomic weights 
are the result of very elabo- 
rate experiments. Theodore W. 
Richards (Fig. 84) is the fore- 
most modern chemist in this 
field of investigation. 


143. Necessary steps in 
an atomic weight determi- 
nation. We may now sum- 
marize the necessary steps 
in determining the atomic 
weight of an element. 

First, Find the approxi- 
mate atomic weight. To do 
this, (a) determine the molec- 
ular weights of a number 
of gaseous compounds by 
finding their density; (6) 
determine the percentage of 
the element in each of these 
compounds by carefully ana- 
lyzing them; (c) find what 





Fig. 84. Turopore W. RicwHarps 
(1868-). 


Professor of chemistry at Harvard Uni- 
versity. Awarded Nobel prize in 1915 
for his work on atomic weights. 


part of the molecular weight is due to the element by multi- 
plying the molecular weight of the compound by the percentage 
of the element in it; (d) note the smallest weight of the ele- 
ment which is found in the gram-molecular weight of these 


compounds. 


Second, Determine very accurately the combining weight of 
the element in one or more compounds. 


138 ATOMIC AND MOLECULAR WEIGHTS 


Third, Multiply the combining weight by some small whole 
number (1, 2, or 3) which will give a result close to the approxi- 
mate atomic weight. The number thus obtained will be the 
precise atomic weight. 

144. Determining the formula of a compound. To find 
the precise value of atomic weights requires very great technical 
skill and patience. For us the main thing is to learn to use 
atomic weights. 

One very important use of atomic weights is in finding the 
formula of a compound. We shall now illustrate this by de- 
termining the formulas of water, sulphuric acid, and acetylene. 


Water. We find that its percentage composition is as follows: 
hydrogen 11.19 per cent, and oxygen 88.81 per cent. By experiment 
we also find that its molecular weight is approximately 18. Then 
the solution is as follows: 


Percentage Atomic Atomic 
composition weight ratio 
Hydrogen ....0. thar -= 1 = 112 
Oxyren 93) 4). Si POS + 16 = 5.55 


Dividing the percentages (by weight) by the atomie weights gives as 
quotients numbers which show the relative number of each kind of 
atom. If we assume that there is one atom of oxygen in the mole- 
cule, then there must be 2 atoms of hydrogen. In other words, divide 
the several quotients in column three by the smallest one of them. 
(That is, 11.2+5.55=2.) Therefore the simplest formula for water 
is H,O. This gives a molecular weight of 2+16 or 18, which corre- 
sponds with the experimental value given. 

Sulphuric Acid. Given the percentage composition: hydrogen 2.04 
per cent, sulphur 32.65 per cent, and oxygen 65.31 per cent. 


Percentage Atomic Atomic 
composition weight ratio 
Hydrogen ... 2.04 + 1 = 2.04 
Sulphur... . 382.65 > 32 = 1.02 
Oxygen ..... 66.81 oe 16 = 4.08 


These quotients are evidently in the same ratio as the number of atoms 
of each element in the molecule. That is, there are 2 atoms of hydro- 
gen (2.04 +1.02), 1 atom of sulphur (1.02 +1.02), and 4 atoms of oxygen 
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(4.08 +1.02); and the simplest formula of sulphuric acid is H2SO:. In 
this case the molecular weight is very difficult to obtain, and so we 
accept the simplest formula. 

Acetylene. Suppose we have given that the gram-molecular 
weight of acetylene is 25.98, that it contains 92.31 per cent carbon, 
and that the rest is hydrogen. To find the formula of acetylene the 
solution may be arranged thus: 


Percentage Atomic Atomic 
composition weight ratio 
ate. ss Oe = 12 _ te 
Hydrogen .. . 1 + 1 = “ae 


The simplest formula would be CH, but then the molecular 
weight of CH would be 13. Hence, in order to get the experi- 
mental value 25.98, the formula must be doubled. Therefore 
the formula for acetylene is C2H2. 


% 
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UNIFORM BEHAVIOR OF ALL GASES: 

The volume of any gas varies inversely as the pressure if the 
temperature remains the same (Boyle’s Law). 

The volume of any gas varies directly as the absolute tem- 
perature if the pressure remains the same (Law of Charles). 

The volumes of gases used and produced in a chemical change 
can always be represented by the ratio of small whole numbers 
(Law of Gay-Lussac). 

AVOGADRO’S THEORY: Equal volumes of gases under the 
same conditions of temperature and pressure contain the same 
number of molecules. 

As a consequence of this theory, we conclude that molecules of 
hydrogen, oxygen, nitrogen, and chlorine have two atoms each. 

RELATIVE VOLUMES OF GASES are represented by the 
coefficients of their molecules in an equation. 

MOLECULAR WEIGHT of a substance is the number which 
expresses how many times its molecule is heavier than the hydrogen 
atom. 


140 ATOMIC AND MOLECULAR WEIGHTS 


Gram-molecular weight of any gas occupies a volume of 22.4 
liters. 

ATOMIC WEIGHT of an element is a number which expresses 
the relative heaviness of its atom. Atomic weight of oxygen, 
16, is taken as the standard. 

Atomic weight of an element is determined approximately 
by getting the number representing the smallest weight of the 
element in the gram-molecular weight of any of its compounds. 

COMBINING, OR REACTING, WEIGHT of an element is the 
weight of that element in grams which combines with or replaces 
1 gram (more exactly 1.008 grams) of hydrogen. 

ATOMIC WEIGHT is either equal to or a multiple of the com- 
bining weight. 

TO FIND THE FORMULA FROM PERCENTAGE COM- 
POSITION: Divide the percentage of each element by its atomic 
weight; the quotients will be the relative number of each kind of 
atom. Use molecular weight to find what multiple of the simplest 
formula to use. 


PROBLEMS 


1. If 500 ee. of marsh gas under standard conditions weighs 0.36 
grams, what is the molecular weight of marsh gas? 

2. If the marsh gas in Problem 1 is composed of 75% earbon and 
25% hydrogen, how many atoms of each element does one molecule 
of the compound contain? (Assume the atomie weights as given on 
the back cover.) 

3. A certain gas contains 30.4% nitrogen and 69.6% oxygen. 
What is the simplest formula which could be used to express its com- 
position ? 

4. The analysis of a substance showed carbon 80% and hydrogen 
20%. The molecular weight was found to be 30. What i is its formula? 

5. When a liquid is heated to 150° C., it is found that 185 ee. of 
the gas formed weighs 0.247 grams. What is its gram-molecular weight ? 

6. The quantitative analysis of the liquid used in Problem 5 showed 
hydrogen 13.0%, oxygen 34.8%, and carbon 52.2%. Caleulate its 
formula. 

7. Given the formula of carbon monoxide as CO; compute its 
density (grams per liter) under standard conditions, 
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8. When marsh gas burns the equation for the reaction is as 
2g CH, + 20: —> CO.:+ 2H0 


(a) Caleulate the volume of oxygen used when 1000 cubie feet 
of this gas burns. (b) Calculate the volume of air used in burning 
the same volume of gas. (c) Calculate the volume of carbon dioxide 
formed. 


9. The analysis of a certain compound showed: hydrogen 0.84%; 
earbon 10.05%; and chlorine 89.11%. What would be the simpiest 
formula which represents this composition ? 


10. To determine the molecular weight of the compound used in 
Problem 9, an experiment was performed which showed that 0.250 g. of 
the substance gave 53.0 ec. of gas when collected over water at 20° C. 
and 740 mm. Calculate the gram-molecular weight of the substance, 
and revise your answer in Problem 9 accordingly. 


11. The analysis of ammonia gas shows that it is 82.4% nitrogen, 
and the remainder is hydrogen. Compute the combining weight 
of nitrogen. 


12. From a study of the following data in regard to nitrogen com- 
pounds and from the combining weights found in the previous problem, 
calculate the atomic weight of nitrogen : 











NITROGEN CoMPpouNDS Density (grams per liter)|PER Cent or NITROGEN 





Ammonia Be ee ee Lge, 0.762 82.4. 
PPCOUS\OXIGG,. >... 6 « 1.97 63.6 
MeMICTOKIGG Sa eS 1.34 46.7 








Topic FOR FURTHER STUDY 


The exact determination of atomic weights. The modern methods 
of atomic weight determination involve many experimental *precau- 
tions; the fundamental: chemical facts are, however, very simple. 
Consult the work of Morley on hydrogen and oxygen (Smithsonian 
Contributions, No. 980) and Richards on chlorine and silver (Carnegie 
Publication 69). 


CHAPTER XIV 
VALENCE AND NOMENCLATURE 


Why valence is important—its meaning — graphical 
representation — valence of common elements and groups — 
variations in valence — its use in writing formulas — rule — 
replacement reactions — relation of atomie and combining 
weights to valence. 

Naming compounds — bases — acids — salts. - 


145. Importance of valence. A knowledge of valences and 
an ability to use them are of great help in the study of chemistry. 
For instance, they will aid us in writing the formulas of com- 
pounds: if we know the valences of two elements we can pre- 
dict the formula of their compound (if they combine), even 
before we have determined its composition and formula experi- 
mentally. Likewise, if we know the composition of one com- 
pound of two elements, we can predict the formulas of many 
other compounds involving these elements. Thus, knowing the 
composition of thorium oxide to be ThOs, we can predict that 
of thorium sulphate, thorium chloride, thorium nitrate, ete. 

146. What do we mean by valence? In our study of 
compounds we have noticed that the various elements differ 
greatly from one another in the number of hydrogen atoms 
with which they will combine. This fact. is illustrated in these 
compounds : 


HCl H,O NH; CH, 
ne water ammonia — 


Thus, an atom of chlorine will combine with but one hydrogen 
atom, an atom of oxygen with two, an atom of nitrogen with 
142 
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three, and an atom of carbon with four. We call this property 
of an element which determines the number of hydrogen atoms 
that its atom can hold in combination or can replace its valence. 
In other words, the valence of chlorine is one, of oxygen two, 
of nitrogen three, and of carbon four. 

147. Graphical representation. The valences of elements 
do not tell us anything about the reasons why certain elements 
unite and certain others do not. They merely tell us with how 
many hydrogen atoms elements can combine. Furthermore 
we do not know in what way the elements are actually jomed 
to one another; but our rules of valence tell us how many atoms 
will be united in a given compound. We can picture this 
graphically by supposing that each atom has a certain number 
of hooks, or bonds, which enable it to join to some other atom 
or atoms. We are quite certain, of course, that the actual way 
in which atoms are linked is different from that represented 
by rigid hooks, but we may use this method in order to visualize 
the conception of valence. 


ET fae, LEE ee Laas 
oH ef fate eff ful 
Ye, ERE 5 Zee LET ( 
fal ffofhefal 


Fig. 85. Diagram representing the valence of atoms by hooks. 


The accompanying diagrams (Fig. 85) represent such an imaginary 
linkage of the atoms in hydrogen chloride and water. It is obvious 
that if elements unite with one atom of hydrogen they must have 
only one bond, or hook; their valence is one. Similarly, elements 
which combine with two, three, and four atoms of hydrogen have two, 
three, and four bonds respectively. If an element like zine, which 
has a valence of two, unites with chlorine, which has a valence of one, 
it will require two chlorine atoms to link up with the two bonds of a 
single zine atom. The formula will, therefore, be ZnCl. 


148. Valences of common elements and groups. We may 
indicate the valence of an element or a group of elements by 
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writing slightly above and to the right of the symbol a small 
Roman numeral, thus: H', O", N™, C'. Because hydrogen 
has only one bond, we take it as our standard of valence. 
Using this system for indicating the valence of an atom, we 
show in the following table the valences of the common ele- 
ments and of some common groups of elements. Certain 
groups of elements, like the hydroxyl (OH) group in bases 
and the SO, group in sulphuric acid, the NO3 group in nitric 
acid and the NH, group in ammonium compounds, remain 
intact throughout a number of reactions. Such groups of 
elements act very much like a single element and are called 
radicals. Radicals have valences just as do elements. Ele- 
ments or groups which have the valence of one are called 
monovalent; if they have a valence of two, divalent, ete. 


VALENCES OF CoMMON ELEMENTS AND RADICALS 


TRIVALENT TETRAVALENT 





Sn 
C 

Si 

S 
SiO, 


PENTAVALENT 


N 
P 
As 
Sb 





149. Variable valence. It will be noticed in the above 
table that certain elements are indicated as having more 
than one valence. Such facts complicate the general rules 
of valence. Almost all elements form a certain number of 
compounds in which they have an unusual valence. For 
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example, the valence of carbon is almost without excep- 
tion four, as in carbon dioxide (CO2) (oxygen is divalent 
and there are two oxygen atoms). But in carbon mon- 
oxide (CO) the valence is two. Such exceptions are rare and 
must simply be learned as they occur. A few elements, like 
iron, form two series of compounds in which the element has 
different valences. For example, we have a number of com- 
pounds of iron called ferrous compounds, in which iron has a 
valence of two; others are called ferric compounds, in which 
iron has a valence of three. Such elements are said to have a 
variable valence. 

150. Writing formulas. Let us now see how we can apply 
the information in the valence table to the writing of formulas. 
We shall first take a compound of aluminum and chlorine 
called aluminum chloride. We see from the above table 
that chlorine has a valence of one (Cl') and aluminum three 
(Al™); therefore the formula must be AI™Cl]}. Let us take 
another case: the compound formed by neutralizing calcium 
- hydroxide with sulphuric acid is called calcium sulphate. The 
sulphate radical has a valence of two (SO{), calcium also has 
a valence of two (Ca”); therefore the formula~is Ca™SO}. 
The two bonds of calcium are joined with the two bonds of the 
sulphate group. 

Sodium sulphate, made by neutralizing sodium hydroxide and 
sulphuric acid, has the formula Na3SO¥ since it requires two 
atoms of monovalent sodium to hook on to the two bonds of the 
sulphate radical. Aluminum sulphate has the formula Al3’(SO%)3. 
Since the valence of aluminum is three, it is necessary to have 
two aluminum atoms (a total of six bonds) and three sulphate 
groups (a total of six bonds) linked up together in order to 
satisfy all the bonds of the aluminum and of the SO, radical 
in this compound. We must remember that in writing formulas 
we have to take such a number of atoms of each element (or of 
groups) that all the bonds of both elements (or groups) will be 
united, 
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In writing formulas of molecules made up of two atoms or 
radicals of unequal valence we shall find ae following Rue 
FOR VALENCE helpful : 

Valence X number of atoms (or radicals) in the case of one 
element (or radical) equals valence X number of atoms (or 
radicals) in the case of the other. 


In the case of aluminum sulphate we have a valence of three and two, 
and we can satisfy these requirements only by having a total of six 
bonds. There is a radical in phosphorie acid which has the formula 
—PO" and a valence of three. Sodium phosphate will, therefore, 
have the formula Na;PO, since we must take three atoms of the mono- 
valent sodium. The aluminum compound will, however, have the 
formula A!™PO™ since aluminum is trivalent and so is the phos- 
phate radical. - The student will do well to practice writing formulas 
for a great variety of compounds based on the valences of the elements 
and radicals given in the tables. 


It is very important to learn the valence of each element or 
radical as we study it, and always to use it in writing formulas. 
The student will find it good practice to check up every formula 
that he writes in order to make sure that the total valences of 
the two halves of the compound balance. It is not necessary to 
memorize the entire table of valences, provided he remembers 
the formula of at least one simple compound of each element. 
For example, suppose he wishes the valence of mercury. Per- 
haps he recalls that the formula of the red oxide of mercury is 
HgO". Then, since the valence of oxygen is two, the valence 
of mercury in this compound is also two. 

151. Replacement reactions. When one element of a com- 
pound replaces another, the number of atoms of the elements 
concerned must be such that the valences of the replacing 
element must equal the valences of the element replaced. 
Thus, when zine replaces hydrogen in hydrochloric acid, each 
atom of zine replaces two atoms of hydrogen since the valence 
of zinc is two and the valence of hydrogen one : 


Zn + 2 HCl —> ZnCh, + Hye 
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When aluminum reacts with hydrochloric acid, three atoms of 
hydrogen appear for every atom of aluminum since the valence 
of the metal is three: 


This use of the rules of valence will be found helpful in writing 
replacement reactions. 

In Chapter XIII we learned that the atomic weight of an 
element was either identical with or some multiple of its com- 
bining weight. That factor by which we multipiy the com- 
bining weight in order to get the atomic weight is the valence. 
For example, the combining weight of zinc is 32.7, and its atomic 
weight is 65.4. The valence of zinc is two. Again, the com- 
bining weight of aluminum is 9.03, its atomic weight is 27.1, 
and its valence is three. In other words, 


atomic weight 


Valence ~ combining weight 


152. Naming of compounds. The chemist writes formulas, 
but does not talk formulas. Hence it is necessary to pay close 
attention to the method of naming chemical compounds, for a 
very slight change in the name of a compound will often trans- 
form it into a compound of quite different properties. For 
example, mercuric chloride (HgClz) is corrosive sublimate, 
which is extremely poisonous; but mercurous chloride (HgCl) 
is calomel, which is a common medicine. 

In naming bases, we simply prefix the name of the metal to 
the word hydroxide. Thus we have sodium hydroxide (NaOH), 
calcium hydroxide (Ca(OH)2), and aluminum hydroxide 
(Al(OH);). 

In naming acids, we must distinguish between an acid con- 
sisting of two elements (a binary acid) and an acid consisting 
of three elements (a ternary acid). In the binary acid we have 
but one element beside the hydrogen; here we prefix hydro- 
to the name of the second element and add the termination 
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-ic. Thus we have hydrochloric acid(HCl)and hydrosulphurie 
acid (H28). The large majority of ternary acids contain oxygen 
as the third element. It often happens that the same three 
elements form more than one acid. The most familiar one is 
named from the characteristic element and ends in the suffix 
-ic; while the one with less oxygen has a similar name, but the 
ending in the suffix -ous. Thus we have sulphuric acid (H2SO,) 
and sulphurous acid (H2SO3); also nitric acid (HNOs) and 
nitrous acid (HNO,). The ternary acids are often called the 
oxygen acids, or oxy-acids. 

In naming a salt, we have to consider very carefully the acid 
from which it has been derived. If the acid is a binary, then 
the salt is named after its two constituent elements with the 
ending -ide. Thus we have sodium chloride (NaCl), zine 
chloride (ZnCly), and copper sulphide (CuS). If the acid is 
ternary and its name ends in -ic, then the name of the salt 
ends in -ate, but if the ternary acid ends in -ous, then the name 
of the salt ends in -ite. This will be made clear in the following 
examples : 











NaME oF AcID TorMULA NAME OF SALT ForMULA 
Hydrochloric .. . .| HCl Sodium chloride . . . {| NaCl 
Sulphuric . . . . .| H,SO, || Copper sulphate. . .| CuSO, 
Sulphurous . . . . | H.SOs; || Potassium sulphite . . | K.SO; 
Hydrosulphuric . . . | HS Zine sulphide. . , . | ZnS 
Nitric . . . «. . «| HNOs || Potassium nitrate “2 | aoe 
Nitrous. . . .... «| HNO» || Sodium nitrite 7 . .o)Nenoe 
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THE VALENCE of an element is the number of Hydrogen atoms 
or their equivalent which the atomic weight of that element will 
combine with or replace. This may be represented by supposing 
that each atom has a certain number of hooks, or bonds, which 
enable it to join some other atom or atoms. This is merely a 
mechanical analogue. 
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A RADICAL is a group of elements that acts like a single ele- 
ment in a chemical reaction. 

Some elements have more than one valence, the valence being 
different in different compounds. 

IN WRITING: FORMULAS of binary compounds the total num- 
ber of bonds of one element must equal the total number of bonds 
of the other element. 

IN REPLACEMENT REACTIONS the number of atoms which 
one element will replace of another can be predicted from the 
valences of the two elements. The total number of bonds of the 
replacing and replaced atoms must be equal. 

VAEENCR = Ome weight 
combining weight 

ALL BASES contain the hydroxyl (OH) radical and are called 
hydroxides. 

THE NAME of a binary acid has the prefix hydro- placed before 
the name of the second element and the suffix -ic added. The 
derived salt has the suffix -ide. 

THE NAME of a ternary acid is derived from its most charac- 
teristic element. The most familiar acid ends in -ic and its salt 
in -ate. The acid with one less atom of oxygen than the -ic acid 
has a name ending in -ous, and its salts end in -ite. 


QUESTIONS 


1. Mark the valences in the following formulas: 
SO3; CO; P.0;; PtClh; KI. 
2. Correct the following formulas : 
ZnNO;; CaCl;; Cu(NOs3)s; AgCle; Al3Oz. 


3. Two grams of a tetravalent metal unite with 0.54 grams of 
oxygen. Find the atomic weight of the metal and write the formula 

for its oxide. 

4. The atomic weight of a certain metal is 52. By experiment 
it is found that 26 grams of this metal replace 1 gram of hydrogen from 
hydrochloric acid. What is the valence of the metal in this displace- 
ment? 

5. The formula for phosphoric acid is H;PO,. What is the formula 
for phosphorous acid? 
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6. Silver, zinc, aluminum, and tin have valences of 1, 2, 3, and 
4 respectively; write the formulas for their chlorides, sulphates, and 
phosphates, assuming that the salts have the normal composition. 

7. What is the difference in composition between potassium chlo- 
rate and potassium chloride? sodium nitrate and sodium nitrite? 
ferric chloride and ferrous chloride? 


8. Complete and balance the following equations: 


(a2) KOH +HClL —»——+— 
(b) NaOH +H:;SO,;—»——-+— 
(c) Ca(OH)2+H2SO, —»> —— +—— 
(d) Ba(OH):+H;sPO, —» —— +—— 
(e) Al(OH); +H.SO, —»——+—— 


9. Give the names of all the salts formed in the preceding ques- 
tion. 2 

10. Write the formulas of the following salts and indicate the 
valence of each element or radical: magnesium oxide, aluminum chlo- 
ride, potassium nitrite, silver sulphate, ammonium chloride. 

11. From the table of atomic weights and of valences, compute 
the combining or reacting weights of the following metals: zine, mag- 
nesium, silver, aluminum, and potassium. 

12. Examine the formulas under (a) and write the formulas under 
(b) : 

(a) SnS,, H;3PO,, TO, CrCl, HS, Ca(NOs)2, AIPO,. . 
(b) Tin chloride, thallium nitrate, chromium oxide, caleium phos- 
phate, aluminum sulphide. 

13. Given the valence of B as two, derive the probable valences of 
A, C, and D from the following formulas : 

AoB;, BxC, Bs;D;. What would be the formula of a compound of A 
with C? 


CHAPTER XV 


SOLUTIONS 


Solvents — saturated solutions — crystallization — super- 
saturation — importance of solutions — osmotic pressure — 
boiling points and freezing points of solutions — solution of 
gases in liquids. 


153. Solvents. We have’seen in Chapter VI that water is 
a very good solvent for many substances. This is particularly 
true for the compounds known as acids, bases, and salts. There 
are several other liquids besides water which have consider- 
able solvent power. Alcohol, for example, will dissolve a 
number of substances, such as shellac, which are not soluble 
in water. Some substances, like fats, waxes, and gums, are 
insoluble in water but soluble in certain organic compounds, 
such as ether, carbon tetrachloride, carbon disulphide, and 
gasolene. For this reason, when we wish to make a solution 
of a particular substance, we must try by experiment to find 
the solvent which is most suitable. This fact is taken ad- 
vantage of in removing spots from clothing. If the spot is 
salt or sugar we use water to remove it. If it is a grease spot, 
however, we use gasolene or some similar substance. To re- 
move paint from clothing we must use turpentine or ether, 
since these are about the only solvents which will dissolve the 
oily material used in paint. 

154. Saturated solutions. There is a certain limit to the 
amount of material which a solvent will dissolve. This limit 
varies greatly with the nature of the material to be dissolved 


and the nature of the solvent. Thus, 100 grams of water at 
151 
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20° C. will dissolve 34 grams of potassium chloride and only 
7 grams of potassium chlorate. When a solution contains a 
large quantity of the material, it is said to be concentrated ; 
when only a small quantity, it is dilute; when it contains all 
the dissolved substance that it possibly can take up at a specified 
temperature, it is said to be saturated. We call the maximum 
amount of solid 
which can be dis- 
solved in 100 
grams of solvent 
the solubility of 
the substance. 
This amount 
usually varies 
with the temper- 
ature. Solubility 
curves (Fig. 86) 
may be drawn 


0 10 20 30 40.6060 70 80 90 100 by plotting tem- 
Temperature peratures _ hori- 


Fig. 86. Curves petabages os — of temperature on zontally and the 
| number of grams 
dissolved in 100 grams of water vertically. In nearly all cases 
as the temperature is raised more material can be dissolved. 
For example, 100 grams of water will dissolve 13 grams 
of potassium nitrate (KNO;) at 0° C., 26 grams at 15° C., 
169 grams at 80° C.; on the other hand, the solubility of sodium 
chloride is more constant : 36 grams at 15° C. and 38 grams at 80° 
C. This difference in solubility is strikingly illustrated in figure 
87. A few substances, such as calcium hydroxide (Ca(OH)s), 
become less soluble as the temperature increases. When the 
maximum amount of a substance that can be dissolved is very 
small, we say that the substance is insoluble. Strictly speak- 
ing, however, no material is absolutely insoluble. For example, 
a saturated solution of powdered marble in water contains 











Solubility in grams per 100g. of water 
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0.00013 grams in 100 grams of water, although we say that 
marble is insoluble in water. 

155. Crystallization. The material which is dissolved in 
a solution is uniformly distributed throughout the whole solu- 
tion and is homogeneous to the eye. It will not separate out 
even on long standing. These are the essential differences 
between a mechanical mixture like sand and water and a true 
solution like sugar or salt in water. If some of the solvent is 
removed by evaporation from a saturated solution, the dis- 
solved material will separate out in the form of crystals. An ex- 
ample of this was given in section 125, where the water evapo- 
rated leaving salt in the form of little cubes. Another way of 





p 
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Na Cl KNO; Na Cl 
86g. 26 y. 38 g. 


Fig. 87. Relative solubility of salt and saltpeter in cold and hot water. 





obtaining a crystalline solid from a solution is to make a satu- 
rated solution of the substance at a high temperature and then 
allow it to cool. If the solubility of the material is much less 
at the lower temperature, a corresponding amount of solid 
will separate in the form of crystals. The separation of a solid 
from a solution in these ways is called crystallization. 

Crystals can be classified into a small number of classes 
according to their geometrical form (see Appendix). Examples 
of some common minerals which occur as crystals are shown 
in figure 88. The crystalline forms of substances should 
be observed closely, for they often help to identify the 
substances. 

Some solids take water with them when they separate from 
a solution. This water seems to be only loosely bound to the 
rest of the molecule but to be definite in amount. We call 
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it water of crystallization and indicate it thus in the formula: 
CuSO, 5 HO (copper sulphate). Such salts are often called 
hydrates, and the same salt without its water of crystallization 
is said to be dehydrated. For example, crystallized copper 
sulphate is blue, but dehydrated copper sulphate is white. The 
water of crystallization can usually be driven off simply by 
heating the substance; in a few cases it is so loosely held that 
it is lost even at room temperature. This last process is called 
efflorescence. 

156. Supersaturation. Sometimes when we cool a hot, 
clear, saturated solution to room temperature, no crystals 
appear even though the solution now contains 
much more material than could be taken up 
by the solvent at this temperature. Such a 
solution is said to be supersaturated. Crystals 
will usually appear in it if it is allowed to 
stand, or if it is shaken or violently stirred. 

The addition of a very small crystal of the 
substance concerned will always bring about 
crystallization at once. 


We may demonstrate this by preparing a hot 
saturated solution of sodium sulphate in a flask. We 
stopper the flask with cotton batting to keep out the 
dust and allow it to cool without moving the flask. pig. go. Crystalli- 
When it is cold, we suspend in the solution a small _ zation of a su- 
crystal of sodium sulphate and note the rapidforma- Persaturated 
tion of the crystals (Fig. 89). ees 


157. Importance of solutions. Not only are solutions very 
important to the chemist, but they are vitally important to all 
living things. Our food must be dissolved in the course of di- 
gestion in order to pass into the blood and so be transformed 
into muscle and bone. Plants take in the nitrogen-containing 
substances and mineral matter which are in the soil only when 
they are in the form of solutions. These enter the roots and 
are conveyed as sap to the growing parts of the plants. 
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There are many places in our Canadian West, formerly arid 
land, which have become fertile throughirrigation. The addi- 
tion of water to the land dissolved the food materials which were 
already in the soil and so made them available as plant food. 
Figure 90 shows a field before and after irrigation. No part 
of the soil can act as plant food unless it is first dissolved. 


a aiaaceaa 








Fig. 90. Irrigation has turned this desert region (on the left) into a fertile fruit- 
growing region (on the right). 


The question may be asked, How about “dry farming’? In 
some arid regions it has been found feasible to prevent the evaporation 
of the limited amount of moisture by deep plowing and by thorough 
and constant surface cultivation of the soil. After a time enough 
moisture may be retained to grow a crop. In certain cases the rain- 
fall is so small that a crop ean be grown only once in two years. Dry 
farming is simply a system of conserving the moisture so that the 
plants may have the amount of water they need to dissolve their food. 


158. Osmotic pressure. The question sometimes comes up, 
Why does the sap rise in a tree? To explain this let us study 
very briefly the peculiar behavior of solutions. 


By way of illustration we may perform the following experiment. We 
tie parchment paper over a small glass funnel and make the joint tight 
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with sealing wax; then we fill the funnel with a solution of sugar and 
attach a long glass tube to the stem by rubber tubing. We place the 
funnel in a beaker of distilled water, as shown in figure 91. The solu- 
tion rises in the tube because of the passing of the water through the parch- 
ment. After several days the solution in 
the tube will have reached a considerable 
height. 


Certain thin films of vegetable and 
animal material tend to allow water, 
but not dissolved substances, to pass 
through them. These are called semi- 
permeable membranes. They can also 
be prepared artificially by precipitat- 
ing certain substances into the pores of 
an earthenware vessel. Water passes 
through the membrane into the inside 
vessel, and a pressure is exerted which 
corresponds to the height of the water 
column. The passage of water through 
a membrane from a dilute to a con- 
centrated solution is called osmosis, 
and the pressure in the inside vessel 
is called osmotic pressure. All solu- _. ~ 

‘ 5 Fig. 91. Apparatus to show 
tions exert an osmotic pressure if they Oamindia: 
are separated by a semi-permeable The water in the beaker 
membrane from pure water or a more Passes through the mem- 

F 5 : brane and dilutes the 
dilute solution. Water passes in such sugar solution; the vol- 
a direction as to cause the more concen- ‘me being increased, it 

: z rises in the tube. 
trated solution to become more dilute. 

Osmosis appears to be an explanation of the action of the 
roots of plants. The water or dilute solution which is taken 
in by the cells at the root tip is passed from cell to cell farther 
into the root by osmosis and finally reaches the tubes or pores, 
through which it is carried into the stems and leaves. This 
process continues as long as the cell sap is a more concentrated 
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solution than the soil water. Likewise the food we eat is 
changed into liquid form, passes into the blood by osmosis, and 
is carried throughout the body. 

159. Boiling point and freezing point of solutions. Under 
ordinary conditions pure water freezes at 0° C. and boils at 
100° C. The addition of any soluble solid lowers the freezing 
point and raises the boiling point. This lowering of the freezing 
point is made use of in several ways. For example, the brine 
which is used in refrigeration plants is a solution of calcium 
chloride in water. It freezes at a much lower temperature 
than water and therefore conducts heat away from the water 
which is to be frozen. Again, if we make a mixture of ice and 
salt, some of the melting ice forms a saturated solution of salt. 
A saturated solution of salt freezes at —21° C., and hence a 
mixture of ice, solid salt, and a solution of salt can stay to- 
gether permanently only at this temperature. The result is 
that more ice will continue melting, thus absorbing heat 
until the temperature is lowered to —21° C. A mixture 
of this kind is called a freezing mixture and is used for such 
purposes as making ice-cream. Since salt water (the sea) 
freezes at a considerably lower temperature than pure water, 
it is only in extreme climates that harbors and bays freeze 
over. 

160. Quantitative observations. If we dissolve in 1000 
grams of water one gram-molecular weight of sugar (Cy2H20;1), 
which is 342 grams, and in another liter of water a gram-molec- 
ular weight of glycerine (C;H;(OH)3), which is 92 grams, we 
find that both solutions freeze at the same temperature, namely 
—1.86° C. We find further that both solutions boil at 100.52° C. 
In other words, a gram-molecule of any dissolved substance 
lowers the freezing point of a given weight of water by a constant 
amount, and raises the boiling point a constant amount. These 
experiments indicate that it is not the total weight of material 
dissolved in a given weight of water that determines the freez- 
ing and the boiling points, but rather the number of molecules 
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in solution. This fact has furnished another method of deter- 
mining the molecular weights of many solids and liquids; but 
we need not describe its details here. 

161. Solution of gases in liquids. Thus far we have been 
considering the solution of solids in liquids; but we shall often 
have to consider the solubility of gases in liquids. It will 
help us to remember the main facts about the 
common gases if we divide them into three 
groups : 

1. Very soluble: ammonia, hydrogen chlo- 
ride, and sulphur dioxide. 

2. Fairly soluble: hydrogen sulphide, chlo- 
rine, and carbon dioxide. 

3. Slightly soluble: oxygen, hydrogen, 
nitrogen, and the inert gases. 





It has been found that an increase of pres- De at of 
sure always increases the quantity of gas going - 
into solution, and that the increase is directly proportional to 
the pressure. This is called the Law or Henry, and was 
formulated in 1803. We have already noted one practical 
application of it in the manufacture of carbonated water 


(§ 65). 


If we slowly heat a beaker containing cold water, small bubbles 
of air will be seen to collect in great numbers upon the walls (Fig. 92) 
and to rise through the liquid to the surface. It might seem at first 
that these are bubbles of steam; but they must be bubbles of air, 
(1) because they are formed at a temperature below the boiling point 
of water, and (2) because they do not condense as they come to the 
cooler layers of water above. 


This simple experiment shows that ordinary water contains 
dissolved air, and that the amount of air which water can hold 
decreases as the temperature rises. The solubility of gases 
diminishes with rising temperature. It is the oxygen of the air 
that is dissolved in water which supports the life of fish. 
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SUMMARY OF CHAPTER XV 


WATER is the common solvent for acids, bases, and salts. 
Many substances which are insoluble in water will dissolve in alcohol, 
ether, carbon tetrachloride, or gasolene. 

A SATURATED SOLUTION is one which contains in solu- 
tion all of a given substance which it can acquire. A saturated so- 
lution on cooling sometimes becomes supersaturated. 

SOLUBILITY is expressed as the number of grams of a sub- 
stance that will dissolve in 100 grams of the solvent. This changes 
with the temperature, usually increasing rapidly with an increase 
of temperature. 

CRYSTALLINE SOLIDS separate from solutions on evapora~ 
tion, or when a saturated solution is cooled. 

WATER OF CRYSTALLIZATION is the definite amount of 
water with which some substances rather loosely combine when 
they separate from a solution as crystals. 

AN EFFLORESCENT substance loses its water of crystalli- 
zation at room temperature. 

OSMOSIS is the process by which water passes through a 
semi-permeable membrane which holds back dissolved substances. 

Dissolving a substance in a solvent lowers the freezing point 
and raises the boiling point in proportion to the number of mole- 
cules present. 

QUESTIONS 

1. Define and illustrate the meaning of these terms: solvent, 
insoluble, saturated, dilute solution, supersaturated solution. 

2. Compare the freezing point of Great Salt Lake and of Lake 
Erie. 

3. How would you determine whether a given solution is unsatu- 
rated, saturated, or supersaturated? 

4. Crystals of washing soda become covered with a coating of 
white powder. Have they gained or lost weight? Explain. 

5. What other substances besides salt could be used with the ice 
in an ice-cream freezer? ; 

6. Why is a solution not considered a chemical compound? 

7. Why does stirring or shaking make a solid dissolve more rapidly 
in a liquid? 

8. How do you explain the foam on ginger ale after it is opened 
and poured into a glass? 

9. What is the difference between the action of hydrochloric acid 
on zine and the action of water on sugar? 


—— 


CHAPTER XVI 


THE THEORY OF IONS 


Electrolytes and nonelectrolytes — abnormal behavior 
of electrolytes — ionization — electrolysis — acids and bases 
— neutralization — degree of ionization — ionic reactions — 
reactions which go to completion — rules for solubility — 
valence of ions. 


162. Solutions as electrical conductors. Solutions of dif- 
ferent substances in water vary greatly in their power to conduct 
an electric current. Some solutions will not conduct the cur- 
rent at all; others conduct it very readily. Let us try to 
understand the reason for this difference. 


We may study the conducting power of solutions, roughly, with 
apparatus somewhat like that shown in figure 93. The two platinum 
wires are connected with the 
electric circuit. The lamp 
which is on one of the wires 
serves as resistance to control 
the current and also as an in- 
dicator of the current. When 
it glows brightly the solution 
is a good conductor. 

Let us use this apparatus 
to test distilled water and then 
Fig. 93- Apparatus to show conductivity of SOlutions of sugar, common 

solutions. salt, hydrochloric acid, so- 

: dium hydroxide, acetic acid, 
ammonium hydroxide, and alcohol. We find that the lamp does 
not light when pure water or a solution of sugar or alcohol is used. 

161 
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But the solutions of salt, sulphuric acid, hydrochloric acid, and 
sodium hydroxide cause the lamp to burn brightly; while the solutions 
of acetic acid and ammonium hydroxide give only a dull red glow to 
the filament. 


It may have been noticed that in those solutions which con- 
duct the electric current bubbles of gas rose from the electrodes ; 
this indicated that a chemical change was going on. Solutions * 
of acids, bases, and salts are called electrolytes because they 
conduct electricity ; pure water and solutions like those of sugar 
and alcohol are called nonelectrolytes. A chemical change 
always accompanies the passage of electricity through an elec- 
trolyte, and in this respect these conductors differ from metallic 
conductors. 

163. Other peculiarities of electrolytes. Solutions of acids, 
bases, and salts are peculiar in several other respects besides 
that of being electrolytes. In Chapter XV we learned that 
one gram-molecule of a substance like sugar when dissolved 
in a liter of water lowered the freezing point from 0° C. to 
—1.86° C., and raised the boiling point from 100° C. to 
100.52° C. If one gram-molecule of sodium chloride or sul- 
phurie acid is dissolved in a liter of water, the freezing point 
will be lowered and the boiling point raised; but the effect will 
be almost twice as great as with sugar. All electrolytes behave 
in much the same way. So we say that acids, bases, and salts 
give abnormal elevations of the boiling point and abnormal lower- 
ings of the freezing point. When we examine the osmotic 
pressure of electrolytes we find that these same solutions give 
abnormally high osmotic pressure. 

We have seen that the lowering of the freezing point, the 
raising of the boiling point, and the osmotic pressure depend 
directly on the number of molecules present in a given weight 
of solvent. It would seem, therefore, as if an electrolyte con- 
tained a great many more molecules of dissolved substarice 
than did a nonelectrolyte. This can be accounted for if we 
assume that the molecules of a substance like salt on dissolving 
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in water break up into two or more parts which is just as free 
as a molecule to move about in the solution. 

164. Ionization. On the basis of these facts a Swedish 
chemist, named Arrhenius (Fig. 94), suggested a theory which 
has been called the theory 
of ions. He supposed that 
when salt dissolved in water 
it was broken up, or disso- 
ciated, into particles of so- 
dium and of chlorine, and 
that each particle carried an 
electric charge, a positive 
charge in the case of sodium 
and a negative charge in the 
case of chlorine. This pro- 
cess is called ionization, or 
electrolytic dissociation; to 
the charged particles Fara- 
day (Fig. 95) gave the 
name ions, meaning “ wan- 
derers.”’ The following equa- 


Fic. 94. Svanre Aucust ARRHENIUS tion represents the change: 
(1859-), 
Suggested the theory of ionization. NaCl —> Nat + Cl 





Nore. An ion is indicated by writing a + or — sign after and above the 
symbol. 


These charged particles, or ions, must not be confused with atoms; 
they are atoms carrying an electric charge, but this electric charge 
completely modifies the nature of the particle. Particles of sodium 
could not be floating around in an aqueous solution, for sodium is a 
very active metal which would immediately react with the water. 
The sodium ion is, however, quite different and does not react with 
the water. 


We can now explain by the theory of ions the abnormal be- 
havior of electrolytes in regard to the elevation of the boiling 
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point, the lowering of the 
freczing point, and the os- 
motic pressure. Since the 
molecules split up into ions, 
we have, for example, in a 
solution of common salt 
twice as many particles as in 
an equimolecular solution 
of sugar, which is a nonelec- 
trolyte. 

165. Electrolysis. Letus 
now apply this theory to 
explain two facts about elec- 
trolytes: namely, that they 
conduct electricity, and are 
at the same time decomposed 
by the current. We shall 
suppose that we have some 
hydrochloric acid in a beaker 
with two electrodes dipping 
into the solution, as shown 
in figure 96. According 
to our theory the solution 





Ilia. 95. MicHarnt FARADAY 
(1791-1867). 


Began as Davy’'s assistant. Made im- 


portant discoveries in electricity and 
chemistry. 


contains, besides the water (which is only very slightly ionized), 
hydrogen chloride (HCl) molecules, hydrogen ions (H*), and 
chlorine ions (Cl-), all flying around among the water mole- 
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<— © Hydrogen ions 
Chlorine ions O-——* 


Fig. 096. 


(HCl). 





Diagram illustrating the 
electrolysis of hydrochloric acid 


cules. When the electrodes are 
connected to some source of 
electricity, such as a generator 
(G) or a storage battery, one 
electrode becomes positively 
(+) charged and is called the 
anode, while the other electrode 
becomes negatively (—) charged 
and is called the cathode. 


Sa 
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‘ 


Electrical engineers often speak of electricity as ‘‘ juice ’’ because 
they think of it as a fluid flowing along a conductor. It is conven- 
tional to say that the electric current flows through a conductor from 
the positive (+) end to the negative (—). So in the case of the elec- 
trolyte, we speak of the current as flowing through the solution from 
the anode to the cathode. 


According to the theory of ions, the negative electrode 
(cathode) attracts the positive ions (H*) and repels the nega- 
tive ions (Cl-). This is merely the well-known law of elec- 
tricity that luke charges repel and unlike charges attract. At 
the same time the negatively charged ions (CI) are attracted - 
by the positive electrode (anode), and the positive ions (H*) 
are repelled by it. Thus we see that when the electric circuit 
is closed the ions begin to migrate to their proper electrodes. 
In an electrolyte the ions themselves move and actually carry 
the electricity with them. Nonelectrolytes do not conduct 
electricity simply because they do not furnish the ions to carry 
it. 

When the positive ion— in this case the hydrogen ion — reaches 
and touches the cathode, its positive charge is neutralized, and 
the result is an ordinary hydrogen atom. But we have already 
found that atoms of free hydrogen unite in pairs to form mole- 
cules (Hz), and so we see bubbles of the gas. At the same 
time the negative ions are discharged at the anode, and chlorine 
is set free. (At first this is largely dissolved in the hydrochloric 
acid.) 


We thus find that the theory of ions gives us a very satisfactory 
account of the electrolysis of an aqueous solution, such as dilute hydro- 
chloric acid. Sometimes the process is complicated by the fact that 
the atoms which are freed at the electrodes react with the water as 
fast as they are formed. This is the case with sodium hydroxide. 
The sodium atoms which are formed at the negative electrode immedi- 
ately react, forming more sodium hydroxide and hydrogen. The 
hydroxyl ions, when the charge is removed, immediately break down 
into water and oxygen. Thus the gases which are produced at the 
two electrodes are hydrogen and oxygen, and sodium hydroxide is 
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continually regenerated. The equations are:: 
NaOH —> Nat + OH™ 
at the negative electrode : at the positive electrode: 
2Na+2H,0 —> 2 NaOH-+ Hz 4 OH —> 2 H,0+ 0, 


166. Acids and bases. We can now more clearly under- 
stand the essential characteristics of acids and bases. When 
an acid like hydrochloric acid dissolves in water, it dissociates 
into a hydrogen ion (H+) and some other negative ion, in this 
case the chlorine ion. All acids dissociate, giving hydrogen 
ions, and we may thus define acids as substances which dissolve 
in water and give hydrogen ions. 

All bases contain the hydroxyl group. On dissolving in 
water they dissociate into a positive ion, usually a metal, and 
the negative hydroxyl ion (OH-). We can define bases as 
substances which dissolve in water with the production of the 
hydroxyl ion. All the characteristics of acids are really peculiari- 
ties of the hydrogen ion, and the characteristics of bases are due 
to the hydroxyl ion. In the case of dibasic acids, such as sul- 
phuric acid, two hydrogen ions are produced; and in the case of 
bases, such as calcium hydroxide, two hydroxyl ions are pro- 


duced : H,S0; —-s!9H*+ + so-- 
Ca(OH), —> Ca*+ + 2 OH- 


167. Neutralization. We have seen that when an acid 
and a base are brought together, water and a salt are formed. 
In terms of the ionic theory this means that the hydrogen ion 
of the acid and the hydroxyl ion of the base unite to form 


Ye H+ + OH- —> H,0 


This reaction takes place because the molecules of water are 
very slightly dissociated. A molecule of water shows very little 
tendency to dissociate into a hydrogen ion and a hydroxyl 
ion. When we neutralize hydrochloric acid with sodium hy- 
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droxide, there are thus formed undissociated water molecules. 
The sodium ions and the chlorine ions are not affected; they 
still move around freely in the solution : 


Na*+ + OH- + Ht + Cl —> Na*++ Cl + H20 


The solution, however, is electrically neutral since there are 
an equal number of positive and negative ions. We now have 
exactly the same condition at hand as if we had started with 
salt and had dissolved it in water. As we evaporate the solu- 
tion and it becomes more concentrated, a certain number of 
the sodium and chlorine ions join, forming undissociated sodium 
chloride molecules. As soon as the solution becomes saturated, 
these undissociated molecules begin to join together, and solid 
crystalline sodium chloride separates out. 

168. Degree of ionization. The process of ionization is a 
reversible one. In concentrated solutions there are a number 
of undissociated molecules. As we dilute such a solution, 
more and more of these molecules dissociate until we find that 
we have only ions present : 


NaCl == Na* + Cl 


Thus it is only in dilute solutions that we can neglect the- 
effect of the undissociated molecule. There are certain sub- 
stances whose molecules dissociate much less readily than do 
common salts. Such a substance is acetic acid. Even in 
dilute solutions only a small fraction of the total number of 
molecules of this acid are dissociated into hydrogen ions and 
negative ions. The result is that when we compare a solution 
of acetic acid with one of hydrochloric acid (which has the same 
number of molecules in a given volume), there are many times 
the number of hydrogen ions in the hydrochloric acid solution 
more than there are in the acetic acid. That is, the concentration 
of hydrogen ions in the solution of acetic acid is relatively low. 
Acids of this sort are said to be weak acids. Because they 
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have a relatively small concentration of ions, they conduct the 
electric current only feebly; and because the hydrogen ion 
concentration is low, they are only slightly acidic. . 

In the same way some bases, like ammonium hydroxide 
and copper hydroxide, are only slightly dissociated and are 
said to be weak bases. It must be remembered in 
comparing the strength of different acids and bases that 
we are comparing the relative degree of dissociation in dilute 
solutions. In order to compare the properties of the dilute 
solutions of two acids, we must take solutions of equivalent 
strength. In such solutions the number of hydrogen 
ions will therefore vary directly with the strength 
of the acids. 


Hydrochloric and nitric acids are strong acids. They are almost 
completely dissociated in dilute solutions. Sulphuric acid is also a 
strong acid, although it is not quite so strong as the two just men- 
tioned. Acetic and sulphurous acids are weak acids; hydrogen sulphide 
and carbonic acids are exceedingly weak acids. Sodium, potassium, 
and calcium hydroxide are strong bases; ammonium hydroxide is a 
weak base. 


169. Ionic reactions. Reactions in aqueous solutions are 


characterized by the fact that nearly all of them occur almost 
instantly. The reason for this is that these reactions take 
place between ions. For example, an acid neutralizes a base 
so rapidly that we cannot measure the speed. In general, we 
can think of all reactions which take place in dilute solutions 
of acids, bases, and salts, as being between ions. We can 
often write such reactions by forming equations in which the 
ions are shown; the neutralization reaction has already been 
written in this way. 

The replacement of the hydrogen of an acid by a metal is really the 
transfer of the electricity from a hydrogen ion to a metallic atom; the 


metallic atom is thereby turned into a metallic ion and free hydrogen 
is liberated. Such a reaction can be represented thus: 


Zn+2 H+ —> Zn*++ Hy 


Mees - oe = ol 
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The negative ion of the acid need not be shown in such an equation, 
because it is not involved in the reaction. 

When we mix a solution of sodium chloride and potassium nitrate, 
nothing happens. The various ions merely move around freely in 
the solution. A certain number of undissociated potassium chloride 
and sodium nitrate molecules are produced: 


Nat*-+ Cl-+ K++ NO;- == KCl + NaNO; 


As both of these substances are 
soluble in water, they do not separate 
out, but dissociate again into the orig- 
inal ions. When we make a mixture 
of sodium chloride and silver nitrate 
(AgNO;), we at once get a white pre- 
cipitate. This is because the silver ions 
and chlorine ions combine to form un- 
dissociated silver chloride (AgCl) mole- 
cules, which are immediately removed 
from the solution since silver chloride 
is insoluble. In this way the reaction 
goes to completion: more and more 
silver ions and chlorine ions unite, 
and more and more silver chloride is 
precipitated, until either the chloride 
ions or silver ions are exhausted : 


Ag*+ Cl — > AgCl | 





170. Reactions which go to com- 
Fig. 97- Reaction goes to com- pletion. We may divide all double 
pletion because a gas is evolved. gt : 3 

decomposition reactions which go 
to completion in aqueous solution into three classes: 

(1) If one of the products of the action is a gas insoluble in 
water, it will escape, and the action will therefore run to an end. 
Such a case is the action of dilute hydrochloric acid on sodium 
carbonate (Fig. 97): 


2 HCl + NazCO; —> 2 NaCl + H20 + COs Tf 


When we mix dilute sodium chloride and dilute sulphuric acid, 
we do not get the same result since hydrogen chloride is 
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soluble in water. We merely have a mixture of the various 
ions, no molecules being formed or removed. When we use con- 
centrated acid and heat the mixture, a reaction takes place 
because hydrogen chloride is now expelled. 

(2) Ionic reactions will go to completion if an insoluble 
precipitate is formed. This case has already been discussed 
in connection with the precipitation of silver chloride. Another 
example is the formation of barium sulphate (Fig. 98): 


Batt + 2 Cl + 2 H* +80, - —> BaSO, | + 2 Ht +2 Cr 


(3) Ionic reactions will also run 
to completion if one of the possible 
products is only slightly dissociated. 
The commonest example of this 
is the process of neutralization, 
which has already been considered. 

171. Substances insoluble in 
water. In order to use the fore- 
going principles we shall need to 
know what substances are insol- 
uble in water, or soluble only 
with difficulty. We have already 
(§$ 161) considered the case of 
gases. We shall now state some 
rules for the solubility of solids 
which it will be well to remember. 





GENERAL RULES FoR SOLUBILITY Fig. 908. Reaction goes to com- 
pletion because a precipitate is 
1. All sodium, potassium, and ammo- formed. 


nium compounds are soluble in water. 

2. All nitrates, chlorates, and acetates are soluble in water. 

3. All chlorides are soluble, except those of silver, mereury (mer- 
curous), and lead (lead slightly soluble). 


4. All sulphates are soluble, except those of barium, lead, and ecal- 
cium (calcium slightly soluble). 


a 
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5. All carbonates are insoluble, except those of sodium, potassium, 
and ammonium. 


6. All oxides and hydroxides are insoluble, except those of ammo- 
nium, sodium, potassium, and barium (calcium hydroxide slightly 
soluble). 


172. Valence of ions. Monovalent elements like sodium 
and chlorine form ions which have only one electric charge. 
However, certain elements and groups of elements form ions 
which have more than one charge. For example, when sodium 
sulphate dissociates, it forms two monovalent sodium ions and 
one divalent sulphate ion: 


NaSO, —> 2 Nat + SO," i 


VALENCE OF SOME Common [ons 











Positive Ions Necative Ions 
Monovalent Divalent Trivalent Monovalent Divalent | Trivalent 

JEG Catt Altt++ OH- SO, Oar 
Nays Batt Fettt Cl- COR 
Kt Megtt Br SO37— 
Agt Cut+ iss S-- 

Zn+t NO; 

Fett OCl= 








It will be seen that all the metals form positive ions but that 
many differ in their valence. The valence of these ions, how- 
ever, corresponds to the valence of the metals as we have 
previously learned them (§ 148). Certain nonmetals form 
single ions, and many of them form ions of a complex nature 
which contain oxygen. The valence of the nonmetallic ions 
likewise varies. It will help us to appreciate what is meant 
by valence if we recognize that the valence of a positive ion 
is the number of positive charges that each atom gains on going 
into the ionic condition. Similarly, the valence of a negative 
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ion represents the numbcr of negative charges which these 
atoms or groups of atoms hold. It will be seen that in order to 
have an electrically neutral solution a substance must dis- 
sociate in such a way that the algebraic sum of the total charges 
will be zero. That is, sodium sulphate could not have the for- 
mula NaSO, because it would then dissociate so that there 
would be twice as much negative electricity as positive. There 
must be two positive ions to counterbalance the doubly charged 
negative ion. 


Impossible NaSO, —> Nat + S80; - 
Actual Na2SO, —>- 2 Nat + SO, ~ 


SUMMARY OF CHAPTER XVI 


AQUEOUS SOLUTIONS which will conduct an electric cur- 
rent are called electrolytes; solutions which will not conduct 
the current are called nonelectrolytes. Solutions of acids, bases, 
and salts are electrolytes. 

ALL ELECTROLYTES show an abnormal lowering of the 
freezing point, an abnormal raising of the boiling point, and an 
abnormally high osmotic pressure. 

THE IONIC THEORY assumes that in solutions of electrolytes 
the molecules are dissociated into charged particles called ions. 

ELECTROLYSIS involves the discharge of the positive and 
negative ions at their respective. electrodes with resulting chemical 
change. 

ACIDS are substances which produce hydrogen ions by elec- 
trolytic dissociation. 

BASES are substances which produce hydroxyl ions by elec- 
trolytic dissociation. 

NEUTRALIZATION merely involves the combination of a 
hydrogen ion and a hydroxyl ion to form an undissociated molecule 
of water. 

IONIZATION is a reversible process and is complete only in 
dilute solutions. Some acids and bases are only slightly disso- 
ciated; they are said to be weak. 

VALENCE of an ion is the number of electric ohare on it. 


f 
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Reactions go to completion, 
(1) if one of the products is a gas insoluble in water; 
(2) if an insoluble precipitate is formed ; 
(3) if one of the possible products is only slightly ionized. 


QUESTIONS 


1. How can you determine whether kerosene is an electrolyte? 


2. When dry sodium hydroxide is treated with dry hydrogen 
chloride, no chemical change takes place. Explain. 


3. What five series of facts indicate the truth of the theory of ions? 
4. How would you define a salt in terms of the theory of ions? 


5. Describe the electrolysis of hydrochloric acid in terms of the 
electron theory. 


6. Write the ionic equation for the following reactions: 


Zine and hydrochloric acid 

Potassium hydroxide and sulphuric acid 
Calcium hydroxide and hydrochloric acid 
Aluminum and hydrochloric acid 
Sodium and water 


7. When cold concentrated sulphuric acid is added to zine, there is 
no change. Explain. 

8. What is the distinction between a strong acid and a concentrated 
acid? 

9. When silver nitrate (AgNO;) solution is added to potassium 
chlorate (KCIO;) solution, no precipitate is formed. When silver 
nitrate solution is added to potassium chloride (KCl) solution, a white 
precipitate is formed. Explain carefully. 

10. Define the following terms: electrode, electrolyte, electrelysis, 
electrolytic dissociation. 


11. What are the properties of the hydrogen atom? of the hydro- 
gen ion? 

12. Which of the following substances would you expect to be 
insoluble in water: copper sulphate, lead nitrate, mercuric oxide, barium 
hydroxide, zine nitrate, sulphur dioxide, tin oxide, aluminum sulphate, 
ammonium chloride, calcium carbonate? 


13. Write the formulas of the soluble substances named in ques- 
tion 12, and indicate the ions and the valences. 
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14. A gram-molecular solution of sodium chloride froze at -3.42° C. 
Was the ionization complete? 

15. When dry sodium bicarbonate and dry tartaric acid (baking 
powder) are mixed, there is no action. When water is added there is 
violent effervescence. Explain. 


REVIEW QUESTIONS 


1. Using the language and symbols of the ionization theory, state 
what happens when copper sulphate is dissolved in water. 
2. Explain fully according to the ionization theory what happens 


when a solution of sodium sulphate is added to a solution of barium 
chloride. 


3. What happens to the hydrogen of hydrochlorie acid when this 
acid is neutralized by an alkali? Give the reason for your answer. 

4. State accurately Avogadro’s theory. Explain its use in deter- 
mining molecular weights. 

5. Define element; compound; atom; molecule. 

6. How many cubic centimeters of hydrogen gas, measured under 


standard conditions, would be necessary to reduce 10 grams of copper 
oxide? 


Topic FOR FuRTHER STUDY 


Sir Humphry Davy and his brilliant pupil Michael Faraday. Which 
man did more for the advancement of chemistry, Davy or Faraday? 
(Moore’s History of Chemistry and Thorpe’s Essays in Historical 
Chemistry.) 


noni 


CHAPTER XVII 
SULPHUR AND THE SULPHIDES 


Occurrence of sulphur—production—experiments—properties 
—allotropic forms—chemical behavior. 

Occurrence of hydrogen sulphide—preparation—properties 
—analytical uses. Carbon disulphide. 

Use of sulphur in rubber—comparison with oxygen. 


173. Importance and occurrence of sulphur. We shall now 
consider the element sulphur, which has been known since the 
earliest times. Large deposits of free sulphur occur in Sicily, 
Texas, and Louisiana. It is frequently found around the rims 
of craters and in the vicinity of volcanoes, as well as in non- 
voleanic regions. 

There are large deposits of sulphur compounds, such as the 
sulphides of metals: iron pyrite, or fool’s gold (FeS2), galena 
(PbS), and zinc blende (ZnS); also the sulphates, such as 
gypsum (CaSO, ° 2H.0). 

Mixed with saltpeter (KNOs3) and charcoal (C), sulphur has 
long been used in black gunpowder. Sulphur enters into the 
lime-sulphur mixtures used for spraying shrubs and trees; it 
furnishes the sulphur dioxide for bleaching and disinfecting. 
Perhaps most important of all is its use in the manufacture of 
sulphuric acid, a substance which plays a large and essential 
role in the preparation of other chemicals. 


174. Industrial Production. In Sicily, where the sulphur deposits 
are on or near the surface of the ground, a very simple but wasteful 
method of production is employed. The sulphur mixed with consi- 
derable rock and dirt is piled up in heaps on a slanting hearth and is 
set on fire, Some of the sulphur burns, and the heat it gives out melts 
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the rest so that it runs down the sloping floor away from the impuri- 
ties. The crude sulphur is then purified by distillation, a process which 
is carried out by boiling the sulphur in 
a retort B (Fig. 99) and sending the 
vapor into a cold chamber D, in which 
it condenses. At first it collects in 
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In America the deposits of 
sulphur are six hundred or more 
feet below the surface of the ground; compressed 
and because of the surrounding clay, : 
quicksand, and rock, it is impossible to 
mine it by the usual methods. An 
American chemist, Herman Frasch, after 
ten years of labor worked out a most in- 
genious and successful method of getting this 
sulphur. The process is essentially this: A hole 
is drilled down to the bottom of the sulphur bed. 
Into this hole is lowered a six-inch iron pipe 
which contains two smaller pipes, one within 
the other (Fig. 100). ‘Water heated under pres- 
sure to a temperature well above its boiling 
point (170° C.) is forced down through the six- 
inch pipe. On coming into contact with the 
sulphur, the hot water melts it and turns the un- 
derground deposit into a subterranean lake of ™% 2 he tee 
molten sulphur. Compressed hot air is now foreed Pen ae 
down through the smallest pipeand forms a froth with the molten 
sulphur and hot water. The pressure of the hot water and com- 


Fig. 99. Distillation of sulphur. 
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pressed air forces this froth up through the middle pipe, whence 
it discharges into a large wooden bin which measures about 
150 by 250 feet. In this way great quantities of sulphur can be 
melted and blown to the surface. It is very pure (about 99 per 
cent); and after it has solidified, the huge blocks are broken up, 
loaded directly into cars (Fig. 101), and shipped to various 
points for use without further purification. 





Fig. ror. Loading sulphur from the huge blocks. 


The locomotive derrick takes up 2 tons at a time. 


175. Experiments with sulphur. If we carefully heat some pow- 
dered sulphur in a large test tube, it easily melts and, if not overheated, 
gives a pale yellow liquid, which flows about the tube like oil. As we 
heat it more strongly the sulphur rapidly grows darker and becomes 
so thick and sticky that even if the tube is turned upside down it does 
not run out. When we heat it still more, it becomes liquid again, al- 
though it remains dark in color, and presently boils. As we let the 
liquid cool we note that the sulphur goes through these same changes, 
but in the reverse order. 


_ 176. Properties of sulphur. Sulphur is a pale, yellow, brittle 
solid about twice as heavy as water. It is not soluble in water 
and has no marked taste or odor. When heated it melts at 
114° C. to a straw-colored liquid; as the temperature rises, the 
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liquid becomes darker and more and more viscous until at about 
235° C. it is almost black and too thick to run out of the vessel. 
Then it grows thinner again on further heating and boils at 
445° C. As a solid it is a very good insulator of heat and 
electricity. 


177. Varieties of sulphur. If we dissolve some roll sulphur in a 
small quantity of carbon disulphide (CS2) and then pour the solution 
into a crystallizing dish, the 
solvent slowly evaporates and 
leaves the sulphur in the 
shape of small crystals. 


If this experiment is car- 
ried out on a larger scale 
and with certain precau- 
tions, more perfectly shaped 
crystals will be formed, like 
the ones shown in figure 
102. These crystals gener- 
ally have 8 sides (octahe- 
dral) and belong to the rhombic system; hence this variety is 
called rhombic sulphur. The free sulphur found in nature is 
rhombic. Roll sulphur and flowers of sulphur are largely com- 
posed of very small crystals of this sort. 





Fig. 102. Rhombic form of sulphur. 


Another crystalline variety can be obtained by first melting some 
sulphur and then allowing it to cool slowly. This can be conveniently 
done in a clay crucible. As the melted sulphur begins to solidify, a 
thin crust forms over the surface. If a hole is broken through and 
the liquid sulphur underneath is poured out, a loose mass of needle-like 
crystals (Fig. 103) is found to fill the interior of the crucible. 


These crystals which grow in the liquid are of the monoclinic 
or prismatic variety. They are long, transparent, pale-yellow 
needles, almost rectangular in cross section and beveled at the 
points. Sulphur can be kept in this form indefinitely, provided 
the temperature is above 96° C. and below its melting point; 
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but when it is allowed to cool, it slowly becomes opaque 
because of its change into particles of rhombic sulphur. 


( yj 
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We shall now heat a quantity of ordinary 
roll sulphur in a small flask until it is almost 
boiling and then pour the hot sulphur in a 
thin stream into a beaker of cold water, as 
shown in figure 104. It is convenient to place 
a funnel in the beaker and pour the stream of 
sulphur around it. Then we may easily lift 
out the funnel and the solidified sulphur with 
it. It is no longer brittle but seems almost 
like a gum. 









Ge 


The dough-like product obtained by 
suddenly chilling the molten sulphur in 
cold water is called plastic sulphur. ™%,2035 poe ote 
Since it has no crystalline form itisalso ““* 
called amorphous sulphur. This variety is unstable and in the 
course of a few days changes into the rhombic form. The 
crystalline forms of sulphur are 
soluble in carbon disulphide; the 
amorphous forms are not. 

There are a number of other forms 
in which elementary sulphur can exist 
but we shall not discuss them here. 

178. Allotropic forms. The differ- 
ent modifications of an element, such 
as we have described for sulphur and 
such as exist also for other elements 
like carbon and oxygen, are called 
allotropic forms. It must not be 
Fig. 104. Pouring melted sulphur thought, however, that the sulphur 

into cold water forms plastic atom itself is different in these vari- 
oo ations. The differences in form are 
due to the number of atoms which are combined in the 
sulphur molecule, and perhaps also to the way in which the 
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atoms are grouped together. In the case of sulphur we do not 
yet know just how many sulphur atoms there are in the molecule 
of each of the different modifications; but we do know that 
sulphur atoms have a tendency to form large molecules, since 
gaseous sulphur contains a molecule which has eight atoms. In 
the case of the allotropy of oxygen it has been found that the 
difference is due solely to the fact that one form has two atoms 
to the molecule, while the other form (ozone) has three. 

179. Chemical behavior of sulphur. All forms of sulphur 
behave very much alike chemically. When sulphur burns in 
the air it yields a pungent gas, sulphur dioxide (SOQg). Most 
metals when heated with sulphur unite with it directly, forming 
metallic sulphides. 

Among the first chemical reactions which we investigated 


were those between iron, zinc, copper, and sulphur, forming the : 


various sulphides. The equations for these reactions are: 


Zn + S —> ZnS 

Fe + S—> FeS 

Cu + S—> CuS 
SULPHIDES 


180. Occurrence of hydrogen sulphide. This gas (H.S) has 
a characteristic odor which is recognized whenever animal 
substances containing sulphur become putrid. Thus, bad eggs 
owe their disagreeable smell to the presence of this gas. It is 
also found in solution in certain sulphur springs and occurs in 
voleanic gases. 

181. Preparation of hydrogen sulphide. When hydrogen is 
slowly passed over melted sulphur, the two combine to form 
hydrogen sulphide. Even after a few minutes a trace of the gas 
can be detected by means of a strip of paper moistened with 
lead acetate (Pb(C2H3Q¢9)2) solution. The paper turns dark 
owing to the formation of lead sulphide (PbS), which is black. 
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The usual method of preparing hydrogen sulphide is by the 
action of dilute hydrochloric or sulphuric acid on iron sulphide 


(FeS): FeS + 2 HCl —> FeCl, + HS t 


When only a small amount of the gas is needed, the apparatus 
shown in figure 105 is convenient. But the Kipp generator 
(Fig. 25) is better when the gas is 
required in larger quantities. In- 
asmuch as the gas is somewhat 
poisonous, all experiments with 
it should be performed either @ge 
under a well-ventilated hood or 
in the open air. 

182. Properties of hydrogen 
sulphide. This gas is colorless 
and a little heavier than air. It is 
fairly soluble in water, which en- 
ables us to use it in the labora- 
tory asa solution. In pure form 
it acts as a poison, and even when 
diluted with considerable air it Fig. 10s. Hydrogen sulphide 
causes headache and nausea; but Seog 
fortunately its obnoxious smell gives warning of its presence. 

The gas readily burns with a bluish flame, forming water and 
sulphur dioxide: 


2 HS + 3 O2 —> 2 H,O + 2 80, 





When it burns in a bottle the supply of oxygen is not sufficient 
to combine with both the sulphur and the hydrogen; hence the 
hydrogen and only a part of the sulphur burn: 


2 HS + 0O.—2H,O0+ 28 


The compound is not very stable. This can be demonstrated 
by holding a cold porcelain dish in the hydrogen sulphide flame 
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(Fig. 106). The dish shows a yellow spot due to the sulphur 
which is condensed on its surface. The gas in the interior of 
its own flame was decomposed by heat into its constituent 
elements. 
A water solution of the gas is a very weak acid known as 
hydrosulphuric acid; it has about the same effect on litmus 
paper as carbonic acid (HzCO3). A salt 
See results from neutralizing hydrosulphuric 
acid with a base. This salt is called a 
sulphide, and can be obtained by evapor- 
ating the solution. 

183. The use of hydrogen sulphide in 
the laboratory. Because of its action on 
metallic solutions, hydrogen sulphide is 
used as one of the reagents in analytical 

Hy S chemistry. The metallic sulphides which 
Fig. 106. Hydrogen sul- are formed have such characteristic colors 
phide flame deposits that they furnish a convenient test for the 
sulphur on a cold dish. 
presence of the metals. 

Let us experiment with three solutions: (1) Dissolve a little lead 
acetate (Pb(C2H302)2) in some water in a test tube. (2) Dissolve 
a bit of white arsenic (AsoO3) in a few drops of hydrochloric acid 
and then add water. (3) Dissolve a small quantity of antimony 
salt (tartar emetic) in water. Now pass a few bubbles of hydrogen 
sulphide through each solution in turn. In the first test tube we get a 
black precipitate (PbS), in the second, a yellow precipitate (As2S3), 
and in the third a red precipitate (Sb2S3). 


Thus we see that certain metallic sulphides which are insoluble 
in water or dilute acids can be prepared by passing hydrogen 
sulphide into an aqueous solution of the metallic salt. 


We shall now prepare dilute solutions of copper sulphate (CuSO4), 
iron sulphate (FeSO,), and potassium sulphate (K SO,4), and shall then 
pass a few bubbles of hydrogen sulphide into each. We get a black 
precipitate in the copper solution and no precipitate in the other two. 

If we add a few drops of ammonia water to these solutions, we get a 
black precipitatein theironsolution but nothing in the potassium solution. 





CARBON DISULPHIDE ; 183 


In this experiment we note that copper sulphide (CuS) can be 
precipitated in an acid solution, iron sulphide (FeS) in an alka- 
line solution, and that potassium sulphide is precipitated in 
neither acid nor alkaline solutions. This furnishes a means of 
separating copper, iron and potassium. The following equa- 
tion will help us to understand this reaction: 


CuSO, + HS — Cus { + H2S0O4 


In the case of iron sulphate we have a reversible reaction: 
FeSO, + HS <= FeS + HSO, _ 


The iron sulphide is acted upon by the dilute sulphuric acid. 
But by adding ammonia we neutralize this acid and thus allow 
the iron sulphide to form. 

Some metals, like silver and lead, react 
directly with hydrogen sulphide to form the 
metallic sulphide. The tarnishing of silver 
in the household is probably due to the 
hydrogen sulphide which comes into slight 
leaks in gas pipes and from the burning 
of coal. Illuminating gas is supposed to 
be free from this gas, but it usually con- 
tains a trace of it. 

184. Carbon disulphide (CS».) We || 
have already seen ($177) that this is ag] 
valuable solvent because it dissolves sul- 
phur, rubber, and other substances which 
are not soluble in water. It is manufac- Molten Sulphur 
tured from coke and sulphur: Hes eoeet peaaieetes 


C + D S —> CS. making carbon disulphide. 
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The reaction requires a very high temperature, which is usually 
obtained commercially in an electric furnace (Fig. 107). The 
main part is filled with coke, and the sulphur is added through 


184 SULPHUR AND THE SULPHIDES 


the hoppers. The electric terminals are near the bottom. 
The heat generated vaporizes the sulphur, which unites with the 
hot carbon to form carbon disulphide. 

Carbon disulphide is a colorless, heavy liquid which boils at 
46° C. When pure the liquid is said to have a pleasant smell, 





Fig. 108. Rubber tree in Sumatra. 


The natives gather the latex, or 
*‘juice,”’ that has run in 24 hours. 


but it undergoes slight decom- 
position, which gives it a very 
disagreeable odor. It is very in- 
flammable. Its vapors mixed with 
air are explosive, and consequently 
no flame should be near when 
carbon disulphide zs being used. 
Besides being valuable as a 
solvent, it is useful in extermi- 
nating ants and other insect 
pests. It has also been em- 
ployed to destroy the prairie 
dog as well as rats and mice. 
185. Use of sulphur in mak- 
ing rubber. The India-rubber 
tree (Fig. 108), chiefly grown in 
the tropics, furnishes a milky 
juice, which is made into crude 
rubber by a rather primitive 
sort of evaporation. This ma- 
terial, called caoutchouc, is es- 
sentially a compound of hydro- 
gen and carbon. It is _ soft, 
elastic, but unsuitable for most 
purposes because it very gradu- 


allyoxidizes in the air and formsa brittle substance. When mixed 
with 10 per cent of sulphurand certain metalliccompoundsand 
then heated out of contact with the air to about 150° C., it be- 
comes stiffer, more elastic, and much more durable. This process 
of vulcanizing produces the commercial article called rubber. 
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Hard Rubber, also called vulcanite, is obtained when caout- 
chouc is mixed with from 30 to 50 per cent of sulphur and then 
heated to a temperature about 30 degrees higher than that 
applied in making the soft vulcanized rubber. Hard rubber is 
used in the manufacture of such articles as buttons and 
fountain pens; it is also a valuable insulating material for 
electrical machinery. 


It has been found possible to prepare an artificial rubber which is 
almost identical with the natural variety. The process, however, is 
expensive, and the raw materials, such as potato starch or turpentine, 
are not cheap enough. The result is that large rubber manufacturers 
are laying out extensive rubber plantations in tropical countries in 
order to increase the supply of available rubber. 


186. Comparison of sulphur and oxygen. Although sulphur 
and oxygen seem very unlike in their physical characteristics, 
yet in their chemical behavior they are somewhat similar. Both 
unite with hydrogen to form a compound containing two atoms 
of the latter element; that is, both are divalent. Oxygen 
unites with hydrogen much more readily and vigorously than 
does sulphur, but the reactions are similar in both cases: 


2 Hz + Oz ee 2 H,0 
H2 + S ae HS 
Both elements combine with many metals, forming on the one 


hand sulphides, on the other oxides. The reactions in the case 
of copper will serve as an illustration: 


2 Cu + O2g —> 2 CuO 
Cu +S —> CuS 


The sulphides and oxides resemble each other somewhat in re- 
gard to their physical properties, such as solubility in water, 
etc. We shall find additional cases later on in which elements 
resemble each other much as do sulphur and oxygen. 
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SUMMARY OF CHAPTER XVII 


SULPHUR is found in a free state; also in sulphides and sulphates. 

In Sicily it is melted away from rocky material. 

In Louisiana it is melted underground by superheated water and 
forced to the surface. 

COMMERCIALLY, sulphur is sold as flowers of sulphur and as 
roll or lump sulphur. 

ALLOTROPIC FORMS of sulphur include the rhombic, the 
prismatic, and the amorphous. 

The rhombic form is the stable form; it melts at 114° C. and boils 
at 445° C. It is about twice as heavy as water, insoluble in water, 
soluble in carbon disulphide. 

SULPHUR BURNS in air, forming sulphur, dioxide. It combines 
directly with a number of elements, forming sulphides. 

SULPHUR IS USED in the manufacture of gunpowder, lime- 
sulphur spray, carbon disulphide, sulphur dioxide, sulphuric acid, and 
in vulcanizing rubber. 

HYDROGEN SULPHIDE is formed in nature by the decay of 
organic matter containing sulphur: it also occurs in volcanic gases 
and in the water of sulphur springs. 

In the laboratory, hydrogen sulphide is prepared by the action 
of dilute hydrochloric or sulphuric acid on iron sulphide. 

PROPERTIES OF HYDROGEN SULPHIDE: a colorless gas 
with a characteristic unpleasant odor, fairly soluble in water, heavier 
than air. It burns in an abundance of air to form water and sulphur 
dioxide, but in a limited supply of air it forms water and sulphur. 

The water solutionis called hydrosulphuric acid; it is a weak acid 
and forms sulphides with most metallic solutions. Used in chemical 
analysis to separate metals. é 


QUESTIONS AND PROBLEMS 


1. Describe how you would proceed to prove a yellow powder to 


be sulphur. 
2. What properties have the allotropic forms of sulphur in com- 


mon? 


QUESTIONS AND PROBLEMS © ; 187 


3. Write the names and formulas of four metallic sulphides and of 
the corresponding oxides. 

4, Given that 22.4 liters of air weigh about 29 grams. From the 
formula of hydrogen sulphide compute its molecular weight and com- 
pare its density with that of air. 

5. If two liters of hydrogen sulphide are burned with an abundance 

‘of air, how many liters of sulphur dioxide will be formed? What law 
is applied here? 

6. Write the equations for the following reactions: 


(a) lead nitrate (Pb(NO3)2) and hydrogen sulphide; 
(b) silver nitrate (AgNO3) and hydrogen sulphide; 
(c) zine chloride (ZnCl) and sodium sulphide; 

(d) copper chloride (CuCl,) and hydrogen sulphide. 


7. Would you expect hydrosulphuric acid to be a good conductor 
of electricity? 

8. Write the equations for making silver sulphide in three different 
ways. 

9. How many liters of hydrogen sulphide (standard conditions) 
can be prepared from 500 cc. of hydrochloric acid with an excess of 
iron sulphide? Assume the hydrochloric acid contains 40% HCl by 
weight and has a density of 1.2 grams per cubic centimeter. 

10. How many grams of iron sulphide are needed to give with dilute 
sulphuric acid 5 liters of hydrogen sulphide at 15° C. and 60 cm.? 

11. Carbon disulphide is burned in air so that 1 liter of carbon dioxi- 
ide is formed. How many liters of sulphur dioxide are produced? 

12. When hydrogen sulphide is passed into zine sulphate solution, 
the reaction is reversible. How would you make it complete? 

13. What is meant ‘by saying that hydrosulphuric acid is weak? 

14. Write as an ionic equation the reaction of copper sulphate and 
hydrogen sulphide. 


TOPIC FOR FURTHER STUDY 


Rubber. When was rubber first used? Why has it become so 
important during the last twenty years ? How can rubber be made 
synthetically? What is the difference between plantation and native 
tubber? (Slosson’s Creative Chemistry, Tilden’s Chemical Discovery 
and Invention, B..F. Goodrich Co’s Wonder Book of Rubber.) 


CHAPTER XVIII 


OXIDES OF SULPHUR AND THEIR ACIDS 


Sulphur dioxide—preparation and properties. Sulphurous 
acid—its uses—sulphites and bisulphites. 

Sulphur trioxide—preparation and properties. Manufac- 
ture of sulphuric acid—properties of concentrated and 
dilute—sulphates—test for SOx, ion. 

Acid and basic anhydrides. 


SuLPHUR DIOXIDE AND SULPHUROUS ACID 


187. Preparation of sulphur dioxide. We have already seen 
that sulphur burns in the air and forms an oxide known as 
sulphur dioxide (SOQ,). This gas 
has a choking effect familiarly known 
as “the smell of burning sulphur.” 
The equation is as follows: 


S + O02. —> SO, 


One method of preparing it 
commercially consists in heating 
strongly, or roasting in air, a me- 
tallic sulphide such as pyrite (FeS») 
or zine blende (ZnS), which gives 
the oxide of the metal as well as 
ig. 109. Preparation of sulphur sulphur dioxide: 


dioxide. 2 ZnS + 3 Oo —> 2 ZnO + 280, 





To prepare sulphur dioxide free from nitrogen and excess of 
air, we may slowly drop hydrochloric acid on crystals of sodium 
hydrogen sulphite (Fig. 1): 

188 
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NaHSO,; + HCl —> NaCl + H,SO3 
H.SO3 —> H.O + SO. 1 


This reaction is simply a case of double decomposition, in which 
one product, the sulphurous acid (H2SO3), is unstable and breaks 
up into water and sulphur dioxide, as shown in the 
second equation. Another laboratory method con- 
sists in heating together concentrated sulphuric acid 
and copper. The products of this reaction are cop- 
per sulphate, water, and sulphur dioxide. The 
reaction is complicated, but the following equation 
represents the total change involved: 


Cu + 2 HSO4 =r CuSO4 + 2 H,O + SO2 t 


188. Properties of sulphur dioxide. This gas is 
colorless but has a characteristic sharp taste and 
odor. It is more than twice as heavy as air (mol. 
wt. SO. = 64; 22.4 liters of air weigh 29 g.), and is 
one of the most easily liquefied gases known. Under 
ordinary pressure the liquefied gas boils at —8°C. 
At room temperatures the liquid may be kept in 
stout glass bottles or metal cylinders (Fig. 110) be- pig. ro. Me- 
cause the pressure is only three or four atmospheres. __ tallic contain- 
The gas is very soluble in water, does not burn, aay 
and will not support combustion. 

189. Sulphurous acid. Sulphur dioxide not only dissolves 
in water, but also combines with water to form an acid known 
as sulphurous acid (H2SO3). When the water solution is 
heated, the acid breaks up into water and sulphur dioxide. 
Thus the reaction is reversible: 


H,O + SO» = H.SOz3 





This compound, sulphurous acid, is so unstable that it is im- 
possible to separate it from the water in which it is dissolved. 
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In fact, the main reason why we believe that it exists is, that 
the salts of the acid can be prepared. Thus the acid solution, 
when neutralized by sodium hydroxide, gives, on evaporation, 
a substance which corresponds to the formula NagSO3. This 
would indicate the following equation: 

2 NaOH + HSOz —> Na SOs + 2 H,0 


sodium sulphurous sodium water 
hydroxide acid sulphite 


Sulphurous acid does not keep; it slowly absorbs oxygen from 
the air and changes into sulphuric acid. This change is ex- 
pressed by the equation: 

2 H,.SOz3 + Os ee 2 H.S0O4 


sulphurous oxygen sulphuric 
acid acid 


On account of the readiness with which it combines with the 
oxygen from other compounds, sulphurous acid is a powerful 
reducing agent. 


FoR EXAMPLE, potassium permanganate (KMn0Qx,) is a substance 
very rich in oxygen. We dissolve a crystal in water, getting a deep 
violet solution. We now pour this colored liquid into some sulphurous 
acid solution. The result is that the color is instantly removed be- 
cause the sulphurous acid has taken some of the oxygen from the per- 
manganate, leaving colorless compounds in solution. 


190. Uses of sulphur dioxide. The moist gas 
(that is, sulphurous acid) is used to bleach straw, 
silk, and wool—materials which cannot be 
bleached with chlorine because they become hard 
and brittle. The bleaching effect disappears 
after a time, however, and hence materials 
Fig. 111. Bleach- },Joqched by sulphur “yellow with age.” 


ing flowers with 
sulphur dioxide. 





This property can be shown by placing a number 


of moist colored flowers near burning sulphur and then covering the 
whole with a glass bell jar (Fig. 111). After a short time the flowers 


become white. 
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Such foods as dried fruits and canned corn and cherries are 
sometimes bleached with suphurous acid. The acid has also 
antiseptic properties and will prevent the fermentation of sugar, 
sweet cider, and preserves of various kinds. Its use as a food 
preservative is, however, questionable. That it is decidedly 
injurious to plant life is evident from the blighted vegetation 
in the vicinity of the smelters and chemical works where this gas 
is allowed to escape. 

By far the most important use of sulphur dioxide is in the 
manufacture of sulphuric acid. 

191. Sulphites and bisulphites. When sulphurous acid is 
neutralized by a base, the salt produced is called a sulphite. 
If an excess of sulphur dioxide is passed into the solutions 
of the bases, the acid sulphite, or bisulphite (NaHSOs), is 
formed. Thus: 


NaOH + HSO3 —> NaHSO3 + H,O0 


In the acid sulphites, or bisulphites, there is one hydrogen atom 
which has not been replaced, while in the sulphite all the hydro- 
gen atoms have been replaced. 

Acids like carbonic acid (HzCO3), hydrosulphuric acid (H2S) 
sulphurous acid (H2SO3), and sulphuric acid (H2SO,4) which 
have two replaceable hydrogen atoms in each molecule are called 
dibasic acids. Hydrochloric acid and nitric acid (HNOs) 
each have but one replaceable hydrogen atom per molecule 
and so are monobasic acids. Phosphoric acid (H3PO,) is a 
tribasic acid. The acid salt may be made by treating the acid 
with only half enough base to neutralize it, or by adding an 
excess of acid to the normal salt. 

192. Use of bisulphite in making paper. When calcium 
hydroxide, or slaked lime (Ca(OH)2), is treated with an 
excess of sulphurous acid, the product is calcium bisulphite 
(Ca(HSOs)2). This reaction is as follows: 


Ca(OH), + 2 H.SO; —> Ca(HSOs)2 + 2 H,0 
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In making the cheaper varieties of paper, wood is cut into 
chips and ‘“‘cooked” with a solution of calcium bisulphite. This 
dissolves out the objectionable constituent (lignin) of the wood, 
leaving the pure cellulose, which is the material desired for 


making paper. 


SuLPHUR TRIOXIDE AND SULPHURIC ACID 


193. Preparation of sulphur trioxide. It is possible to make 
sulphur dioxide, when heated, combine with oxygen to a slight 
extent to form sulphur trioxide (SO3). But this reaction is 
exceedingly slow. The rapid combination of sulphur dioxide 
and oxygen can be effected by the same catalyst that was used 
for the union of oxygen and hydrogen (§ 36), namely, finely 
divided platinum. The reaction, which is reversible, is as 


follows: 
2 SO. + O2. =~ 2 SO; 


At about 400° C. nearly all of the two gases unites, but above 
that temperature the reverse action sets in. 


To illustrate this reaction one form of apparatus is shown in figure 
112. We first place some platinized asbestos* in a hard-glass tube. 
We burn the sulphur at S and draw the mixture of sulphur dioxide and 
air through the plug of Pt of the platinized asbestos by means of an as- 
pirating arrangement. The plug is gently warmed. The resulting 
trioxide may be condensed by placing the large test tube in a freezing 


mixture. 


194. Properties of sulphur trioxide. Sulphur trioxide is a 
colorless liquid, which solidifies at about 15° C. and boils at 
about 46° C. It exists in two allotropic forms; one is the liquid 
just mentioned, the other is a white crystalline solid which sub- 
limes without melting. Sulphur trioxide combines readily with 


* Clean asbestos is dipped into a rather concentrated solution of platinic 
chloride and then ignited over the Bunsen flame, leaving finely divided platinum 


throughout the asbestos. 
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MANUFACTURE OF SULPHURIC ACID 193 
water, forming sulphuric acid. If the trioxide is thrown into 
water it dissolves with the evolution of much heat: 

SO3 + H,O —> HSO, 
195. Manufacture of sulphuric acid. Enormous quantities 


of this acid are manufactured all over the world for use in a 
great variety of industries. At the present time there are two 





Fig. 112. Making sulphur trioxide by the contact process. 


methods of manufacture: the contact process and the chamber 
process. In both processes the first step is the same, namely, 
burning sulphur or roasting a metallic sulphide to get sulphur 
dioxide. The chief difficulty comes in the next step; that is, in 
making sulphur dioxide into sulphur trioxide. This is over- 
come by using a catalyst, and here is where the principal differ- 
ence between the two processes lies. In the contact process the 
catalyst is usually platinum which is kept at a definite tempera- 
ture. In the chamber process the chemical changes are very 
complicated; the sulphur dioxide is changed to sulphuric acid 
by the use of steam, oxides of nitrogen, and air. The appara- 
tus is so arranged that the oxides of nitrogen cannot escape and 
are used over and over again. 
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In the contact process (Fig. 113) the catalytic agent is ferrie oxide 
or, as in our experiment, finely divided platinum. When prepared 
commercially the mixture of sulphur dioxide and air is carefully freed 
from dust and other impurities; for unless these are removed from the 
gases the platinum soon loses its catalytic power. The temperature 
must also be carefully regulated and kept at 400° C.; if it falls below 
that point the reaction is too slow, and if it rises above it the reverse 
reaction sets in. Finally, the sulphur trioxide is absorbed in concen- 
trated sulphuric acid instead of in water because it has a great tendency 
to pass through the latter in the form of a mist, or fog, which cannot 
be caught. The resulting acid is called fuming sulphuric acid; this is 
essentially a solution of sulphur trioxide in concentrated sulphuric acid. 
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Fig. 113. Diagram of the contact process for making sulphuric acid. 


On dilution with water the sulphur trioxide combines with the water 
and produces sulphuric acid. 

In the chamber process (Fig. 114) the oxides of nitrogen are used 
as the catalytic agent. The sulphur dioxide is oxidized to sulphur tri- 
oxide by the aid of nitrogen dioxide (NO), a brown gas. The latter 
substance (NOg) is reduced to nitric oxide (NO), but this in turn takes 
oxygen from the air to form the higher oxide of nitrogen again. Thus 
the nitric oxide, by being alternately oxidized by the air and reduced 
by the sulphur dioxide, acts as a carrier of oxygen. The reaction is 
carried out in large lead chambers. To aid in this process, as well as 
to furnish the necessary water to convert sulphur trioxide into sulphuric 
acid, steam is blown into the lead chambers. 

In practice the gases from the sulphur or pyrite burners pass through 
a tower (Glover), which serves to cool the gases and to charge them 
with oxides of nitrogen. From the last of the series of chambers the 
gases pass through another tower (Gay-Lussac), in which the oxides 
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of nitrogen are absorbed in concentrated sulphuric acid. This acid is 
then pumped to the top of the first tower, where it is diluted and gives 
up the oxides of nitrogen. 

The acid which collects in the chambers is only about 60 per cent 
pure hydrogen sulphate. ‘The chamber process is the older method 
and is still used extensively for making the less concentrated grades 
of sulphuric acid. 


196. Properties of concentrated sulphuric acid. Pure sul- 
phurie acid is a colorless, oily liquid about twice as heavy as 

















Fig. 114. Diagram of the chamber process for making sulphuric acid. 


water. Commercially it is known as oil of vitriol because it 
was formerly made by distilling green vitriol (FeSO, 7 H20). 
It boils at a high temperature (338° C.) and is an exceedingly 
corrosive substance. If spilled on the skin it produces bad 
burns. It mixes with water in all proportions, evolving a large 
amount of heat. Since the concentrated acid has a great 
affinity for water it is used for drying many gases. 

Closely connected with this avidity for water is the dehydrat- 
ing action of the acid. It will remove hydrogen and oxygen in 
the form of water from many substances which contain those 
elements. 


To show the action of sulphuric acid on paper, which is largely cellu- 
lose (CgH 1905), we write with a glass rod and some dilute sulphuric acid 
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upon white paper. We dry the paper carefully by holding it at 
some distance above the Bunsen flame. Where there is writing the 
paper turns black and charred (Fig. 115) because the dilute acid be- 
comes concentrated through the evaporation of the water. 


Hot concentrated sulphuric acid is an oxidizing agent. It is 
reduced to sulphur dioxide and water by many substances. For 
example, if carbon is boiled in it the carbon is oxidized: 


If metals, such as silver, copper, and mercury, are used, they 
are converted into sulphates; 
and sulphur dioxide is liber- 
ated. 
- 197. Action with salts. On 
account of its high boiling 
point, concentrated sulphuric 
acid is used in preparing the 
more volatile acids, such as 
hydrochloric and nitric acids. 
For example, to make hydro- 
chloric acid we use the 
cheapest chloride, common 
salt. 





Fig. 115. Caps ee with sulphuric 
acid. 


NaCl + H,SO,—> NaHSO, + HC! t 


The hydrogen chloride is a gas at room temperatures. It will 
be noted that in the above equation sodium hydrogen sulphate (NaHSO,) 
is one of the products; but if we take twice as much salt and heat 
the salt and acid to a higher temperature, we get twice as much hydro- 
chloric acid. This is done on a commercial scale; the equation was 
given in section 119. 


To make nitric acid we use the cheapest of the nitrates, sodium 
nitrate (NaNQOs): 


NaNO, + H.SO, —> NaHSO, + HNO; t 
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The nitric acid is volatile at 86° C. If we double the quantity of 
sodium nitrate and heat it to a higher temperature, the nitrate acid 
decomposes; so the actual quantity of nitric acid produced is not 
doubled. 

198. Dilute sulphuric acid. Great care must be taken in 
diluting sulphuric acid because a large amount of heat is gen- 
erated. We pour the concentrated acid in a small stream into the 
water, not the water into the acid. When diluted with con- 
siderable water, sulphuric acid is a strong acid; that is, it is 
largely dissociated into ions: 


H,SO, aa 2 Ht+ S047 kal 


It reacts with such metals as zinc, iron, and aluminum, forming 
free hydrogen and the sulphates of the metal. It can be neu- 
tralized with bases, forming salts. Dilute sulphuric acid has no 
avidity for water, is not an oxidizing agent, and obviously 
cannot be used for such purposes as preparing hydrogen chloride. 
In all these respects it differs from the concentrated acid; this 
distinction should be carefully noted. 

199. Sulphates. The salts of sulphuric acid which contain 
no hydrogen are called sulphates; the salts which still have one 
atom of hydrogen are called bisulphates or acid sulphates. The 
sulphates of many metals are very important and are in common 
use. Thus, plaster of Paris is partly hydrated calcium sulphate 
(2 CaSO, - HO) Epsom salt is hydrated magnesium sulphate 
(MgSO, - 7 H.O); the bluestone used in batteries is hydrated 
copper sulphate (CuSO, 5 HO). They are.for the most part 
erystalline solids which are soluble in water. The sulphates 
of barium, strontium, calcium, and lead are insoluble. 

The test for sulphate, that is, for the SO, ion, is the addition 
of a soluble barium salt (such as the nitrate) to the solution in 
question. If a white precipitate is formed which is insoluble 
in both hydrochloric and nitric acid, a sulphate is present: 


Ba(NOs)o ce Na SO, See BaSO, { +2 NaNO; 
Batt +.SO,--—> BaSO, | 
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200. Uses of sulphuric acid. Concentrated sulphuric acid is 
employed as a drying agent both in the laboratory and in the 
industries. In enormous quantities it enters into the manu- 
facture-of dyes and into the production of a number of organic 
substances which serve as explosives. Because of its high 
boiling point it is used in the laboratory for the preparation of 
other acids from their salts. The dilute acid is used in storage 
batteries and in electroplating; also in cleaning the surfaces 
of many metals. Large amounts are consumed in the fertilizer 
industries. On account of its varied and extensive uses, sul- 
phuric acid may be considered as one of the foundation stones of 
modern civilization. (See Industrial Chart, p. 199.) 

201. Acid anhydrides. The two oxides of sulphur (SO, and 
SO3) react with water to produce sulphurous and sulphuric acid 
respectively. An oxide which combines with water to form an 
acid is often called an acid anhydride. Another example is 
carbon dioxide, which reacts with water to form carbonic acid 
(H.COsz). Carbonic acid, like sulphurous acid, is unstable and 
on heating goes back into the anhydride. The reaction is 
therefore reversible: 


H,O + CO, —= HCO; 


Another acid anhydride is the white oxide obtained by burn- 
ing phosphorus in air. This combines with water to form 
phosphoric acid, which like sulphuric acid is stable and does not 
easily revert to the anhydride: 


P.O; + 3 H,O —> 2 H3P0,4 


The oxides of such elements as are not metals (and are 
therefore sometimes called nonmetals) are acid anhydrides. 
The oxides of the metals, on the other hand, unite with water 
to form bases. For example, calcium oxide reacts with water 
to form calcium hydroxide: 


CaO + HO —> Ca(OH), 


199 


INDUSTRIAL CHART 


S[BOIUIOYS PUe S][BIIS} VU MBI O80} 


WOIJ POALop H[VIIOIVUI AVIIWIey JUBWAOMUIT TI] MOY sjyonpord [worry I] MOY 


spp s110 
[er 
Pas Ve eet cor es 
at ese 
ey 


sinig 
91,0y,UAS sanisojdxuq SLOZNYAIT 


“apmog 
buryona)g 


dpog 

































© 

> 

a . 

z 2 8 = = 

2 eas 8 3 5 

b= > S - 38 3 

x saya “ = 3 

x $ es S 2 < 

& Sq] s 3 & 

° ~~ ~ 3 2 

N qy 38 AQ i ~ 

QB 8 & 5 
s 3 
nH 

92DU094DD api4ovyo saz. ORDLRUN" agpydsoug 
il at wunipos 4 4900 


mn1210) 





SLoaAadoug 
GNV STVIUGLVIY MVY YIGHY, ‘SaSsHoOOUg IVOINTHD INVLYOdW] TUOP AHL JO AWOG 


LUVHO 'IVIYLSNGNI 








Coal Distillation 
Nitrogen Fixation 








LD], $7)]D8 zo 
p09 pee pinbvT 
SuN . . 





S]TVIIVVUI MEY | MOY 


jpuaury 
auajospy It 


—— —— 









Petroleum Refining 


i cece 
ame : 
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This difference in the behavior of the oxides of the nonmetals 
and metals is often indicated by calling the former acidic 
oxides and the latter basic oxides. 


SUMMARY OF CHAPTER XVIII 
SULPHUR DIOXIDE IS PREPARED by— 


(1) burning sulphur or by roasting sulphides; 
(2) the action of hydrochloric acid on bisulphites; 
(3) the action of hot concentrated sulphuric acid on copper. 


SULPHUR DIOXIDE is a colorless, choking gas which is more 
than twice as heavy as air. It is very soluble in water. The water 
solution contains sulphurous acid. 

SULPHUROUS ACID is unstable. It is a reducing agent. It 
has bleaching and antiseptic properties. It forms two classes of 
salts, sulphites and bisulphites. 

An acid which has two replaceable hydrogen atoms is called dibasic. 

SULPHUR TRIOXIDE is formed by the union of sulphur dioxide 
and oxygen with the aid of a catalyst. It unites with water to form 
sulphuric acid. 

SULPHURIC ACID IS MANUFACTURED by (1) the contact 
process, in which the sulphur dioxide is oxidized with the help of a 
catalyst, and (2) the chamber process, in which the oxidation is 
brought about by the use of the oxides of nitrogen. 

CONCENTRATED SULPHURIC ACID has a strong attraction 
for water. When hot it is an oxidizing agent. It will drive out other 
acids from their salts because of its high boiling point. 

DILUTE SULPHURIC ACID reacts with many metals, forming 
hydrogen. It forms two classes of salts—sulphates and bisulphates. 
All sulphates are soluble except those of barium, strontium, calcium, 
and lead. 


SULPHURIC ACID IS USED in nearly all industries. 


THE OXIDES OF THE NONMETALS, such as SO2, SO3, CO2, 
P205, react with water and form acids. They are called acid anhy- 
drides, or acidic oxides. 


THE OXIDES OF THE METALS, like CaO, react with water 
to form bases; they are called basic oxides. 


p= 
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QUESTIONS AND PROBLEMS 


1. How many grams of sulphur dioxide can be made by roasting 
50 grams of iron pyrite (FeS2)? 


2. How much sulphur will be required to prepare a ton (2000 lbs.) 
of sulphuric acid containing 2% of water? 


3. What weight of copper sulphate crystals (CuSO, 5 HO) can 
be made from 100 grams of pure copper? 

4. Why does the burning of sulphur in the air not yield pure sulphur 
dioxide? 

5. What is an acid anhydride? Give the names and formulas 
of two anhydrides containing sulphur. 


6. Name and give the formulas for the raw materials used in 
making sulphuric acid. 


7. Which is the more stable acid, sulphurous or sulphuric acid? Give 
your reasons. 


8. Is sulphuric acid a stronger acid than hydrochloric? Explain. 


9. Show how the two oxides of sulphur illustrate the Law of 
Multiple Proportions. 


10. Give two reasons why boiling sulphuric acid causes such 
serious burns if spilled on the skin. , 4 


11. How would you test for a sulphide, a sulphite, and a sulphate? 


12. How could you determine whether the sulphuric acid in a 
bottle were concentrated or dilute? 


13. What is the easiest way to bleach a straw hat? 


14. Commercial sulphuric acid is generally not colorless. How do 
you account for the color? 


15. What would happen if water were poured into sulphuric acid? 
(Don’t try it!) 


} 


TOPIC FOR FURTHER STUDY 


Catalysis in industry. What would appear to be the advantage of 
the contact process for producing sulphuric acid over the chamber 
process? Why has it not entirely superseded the chamber process? 
What other manufacturing operations use catalysts? What are 
some of the substances used as catalysts? (Duncan’s Chemistry of 
Commerce.) 


CHAPTER XIX 
AMMONIA AND AMMONIUM COMPOUNDS 


Household ammonia — composition and formula — prep- 
aration — properties — refrigeration — manufacture of am- 
monia from coal and from elements — chemical behavior — 
ammonium hydroxide and ammonium salts — commercial 
uses. 


202. Household ammonia. The cleansing agent which is 
commonly used in the household is labeled ammonia or, more 
accurately, ammonia water. The name ‘‘ammonia” properly 
belongs to the gas which causes the familiar, peculiarly pungent 
smell of the cleanser. This gas is extremely soluble in water 
and is therefore usually sold in water solution. It owes its 
cleansing qualities to the fact that it is a base. Since both 
ammonia gas and water are volatile, it was formerly called the 
“ volatile alkali.” 

203. Composition of ammonia. When we heat ammonia 
water, we get a gas which can be shown to be composed of nitro- 
gen and hydrogen. To demonstrate the fact that ammonia 
contains nitrogen, we lead the dried gas through a tube contain- 
ing hot copper oxide. We find that the copper oxide is reduced 
to metallic copper, water is formed, and a gas comes from the 
deiivery tube which proves to be nitrogen. The presence of 
hydrogen in ammonia might be inferred from the formation 
of water, a compound of hydrogen and oxygen. But we can 
definitely prove that it is a constituent of ammonia by passing 
the gas through a tube containing heated magnesium. In this 
case the gas set free is hydrogen. The product left in the tube 

202 
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is magnesium nitride, which when put in water gives us ammo- 
nia again. 

To determine the formula for ammonia we have only to perform 
the experiment with copper oxide in a quantitative way. The results 
of such experiments show that ammonia is 82.3 per cent nitrogen and 
17.7 per cent hydrogen. Dividing the percentages by the respective 
atomic weights we get the ratio of the atoms to be one of nitrogen to 
three of hydrogen. Since one liter of ammonia weighs about 0.77 
grams, the gram-molecular weight (that is, the weight of 22.4 liters) 
is 17.2. This corresponds to a formula NH3. 


We may write the equations for these reactions : 


3 CuO + 2 NH; —> 3 Cu+ 3 H.O + N2 


copper ammonia copper water nitrogen 
oxide 


Magnesium ammonia magnesium hydrogen 
nitride 
Mg;N2 + 6 H2O —> 3 Mg(OH). + 2 NH; 
magnesium water magnesium ammonia 
nitride hydroxide 


204. Laboratory preparation of ammonia. By heating a 
water solution of ammonia we can conveniently prepare the 
pure gas. When the solu- 
tion is boiled, the dissolved 
gas is expelled because it is 
much less soluble in hot than 
in cold water. If we wish to 
free the gas of water vapor, 
we arrange the apparatus 
(Fig. 116) so that the am- 
monia passes up through a 
drying tower which is fiiled 
with pieces of soda lime 
(NaOH and CaO). Because of its extreme solubility in water 
the gas is collected in a bottle held mouth down, from which 
it displaces the air. 





Fig. 116. Preparation of dry ammonia. 
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Another convenient way of preparing the gas is by heating a mix- 
ture of ammonium chloride, or sal ammoniae (NH,Cl), and slaked 
lime (Ca(OH)2) in a large test tube, as shown in figure 117. The 
reaction is as follows: 


2 NH,Cl + Ca(OH), —> CaCl, + 2 H.O +2 NH; } 


205. Properties of ammonia. Aside from its pungent 
odor the most striking characteristic of ammonia is its extreme 
solubility. It is even more soluble 
in water than hydrogen chloride. 


The rapidity with which ammonia gas 
is absorbed by water may be shown by 
the following experiment. A large flask 
is entirely filled with ammonia, and a stop- 
per is inserted through which runs a long 
tube and a “ dropper ” containing water. 
The lower end of the tube dips into a 
beaker which contains a red litmus solu- 
tion (slightly acid). By pinching the rub- 
ber bulb a little water is ejected into the 
flask, whereupon the contents of the 
beaker at once rush up into the flask 
(Fig. 118) and the red solution becomes 
blue. 





As might be supposed from its 
molecular weight, 17, ammonia is 
about one-half as heavy as air. It 
is easily liquefied; at ordinary temperatures a pressure of only 
about 4.5 atmospheres (66 pounds per square inch) is needed. 

206. Refrigeration with liquid ammonia. Liquid ammonia 
is very extensively used in making artificial ice and in pro- 
ducing the low temperature required in cold-storage plants. 
This use of ammonia depends on the fact that it can easily be 
liquefied at ordinary temperatures by applying pressure, and 
that when this pressure is released the gas evaporates, absorb- 
ing a great deal of heat from the surroundings. 


Fig. 117. Decomposition of 
ammonium chloride. 
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Figure 119 shows how this principle is applied in the production 
of artificial ice. The gas is compressed by pump A and is forced 
through the coil of pipe, where the heat 
produced by the compression is removed 
by running water. When the ammonia 
emerges from this coil, it is at room tem- 
perature and under sufficient pressure to 
be a liquid. The liquid ammonia flows 
through an expansion valve, which con- 
nects with the long series of coils; these 
are made of large pipe and are under at- 
mospheric pressure. In these pipes the 
liquid now evaporates (because it is under 
atmospheric pressure), and in so doing it 
absorbs heat from the surrounding bath of 
brine. The gas is returned to the pump 
and again makes the cycle. The temper- 
ature of the brine is thus lowered to about 
-15° C. The brine, which is a solution of 
common salt or calcium chloride (CaCl), 
does not freeze at this temperature. Pure 
water in suitable metal containers is im- 
mersed in it and is frozen in from 24 to: 
36 hours into cakes of ice. Sometimes sul- 
phur dioxide (SO:) or carbon dioxide (COz) Fig 118. Ammonia is ex- 
is used instead of ammonia. tremely soluble in water. 





If it is desired to keep the interior of a room at a low tempera- 
ture, the brine itself is circulated by means of a pump through 
coils of pipe placed in the room; it then returns to the tanks 







Expansion valve From 


Water for Condenser 





Condenser Compressor Brine Tank Brine pump 


Fig. 119. Diagram of a refrigeration plant. 
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containing the ammonia coils. The temperature of a room 
can thus be kept very low, and meat and other food placed in 
it can be preserved for a long time, since at this low temper- 
ature decay and putrefaction practically cease (Fig. 120). 

—— In many cities the entire 
ice supply is produced in 
plants using the ammonia 
process just outlined. Cold- 
storage plants which are 
cooled by ammonia refriger- 
ation machines are located 
wherever convenient, in con- 
nection with the handling of 
food products. Thus many 
hotels and clubs have 
Gopyalaht. by 24h. Noi eile: small ammonia refrigeration 
Fig. 120. Inside view of a refrigeration plants, which serve instead 

aon of the usual household ice 
chest, and most steamships are also equipped with them. 

207. The manufacture of ammonia. Practically all of the 
ammonia that is sold is now obtained from coal. Coal is very 
largely composed of carbon, but it also contains some very 
complicated compounds, which were probably formed by plant 
life ages ago. When coal is heated in closed containers away 
from the air, these compounds decompose and produce a mixture 
of gases, water, and tar, while the carbon is left behind as coke. 
Under these conditions the nitrogen compounds in the coal 
produce ammonia, which is removed from the other gases by 
dissolving it in water. The production of coke and coal gas 
from coal is carried out on a large seale, thus making great 
quantities of ammonia available. 

208. Making ammonia directly from the elements. It 
has long been known that if electric sparks are passed through 
a mixture of nitrogen and hydrogen, a small amount of ammonia 
can be produced by synthesis from the two elements. A 
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process has recently been developed for combining these gases 
on an industrial basis. A mixture of nitrogen and hydrogen 
is subjected to a pressure of about 200 atmospheres, is heated 
to about 500° C., and then passed over finely divided iron, 
which acts as a catalyst. Only a small percentage of the gases 
unites to form ammonia; this small amount is absorbed in 
water, however, and the remaining mixture of gases again 
passes over the iron and the process is repeated. 


In this so-called Haber process the nitrogen and hydrogen are pre- 
pared from producer gas (§250) and steam. Producer gas is essen- 
tially a mixture of nitrogen and carbon monoxide made by burning 
coal in a limited supply of air. This gas is mixed with steam and 
passed over a heated catalyst, which causes the carbon monoxide to 
react with the water as follows: 


CO + H.0 ——> CO, + H; 


The resulting gas contains nitrogen (originally present in the air), 
hydrogen, and carbon dioxide. The latter compound is removed by 
treating the highly compressed gas with water. This process will be 
considered again in connection with the fixation of nitrogen. 


209. Chemical behavior of ammonia. We have just seen 
that under certain conditions the inert element nitrogen will 
combine with hydrogen to form ammonia : 


N.+ 3 H, == 2 NH; 


One volume of nitrogen unites with three volumes of hydrogen 
to form two volumes of ammonia: 


pe 
N: — i. veg NG. NE. 
2 2 2 — 3 a 


At ordinary temperatures ammonia is a stable compound, 
but when heated to high temperatures (above 700° C.) or when 
subjected to an electric discharge, it may be decomposed into 
its elements. Therefore we write the equation as a reversible 
one. 
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Ammonia will neither support combustion nor burn in air, 
but it can be made to burn in an atmosphere of oxygen with a 
feeble, yellowish flame. We have already observed (§ 203) 
that it acts as a reducing agent. The hydrogen of ammonia 
can be replaced by a few metals, forming the nitrides. Thus 
we have seen magnesium change into magnesium nitride (Mg;Ne) 
when ammonia was passed over it. 

210. Ammonium hydroxide. The action of ammonia upon 
water does not seem to be merely a solution of the gas in 
water since the resulting solution has basic properties. It 
turns red litmus blue; it feels soapy and slippery to the touch ; 
it neutralizes acids, forming salts. Therefore it appears as 
though a part of the gas must combine chemically with water 
as indicated in the equation : 


NH; + H.O == NH,OH 


The product of the reaction is called ammonium hydroxide, 
and its solution contains the ammonium ion (NH,*) and the 
hydroxyl ion (OH-). When this solution is heated, the com- 
pound decomposes into ammonia and water. Therefore the 

equation is written to represent a reversible reaction. 
211. Ammonium salts. When ammonia and _ hydrogen 
chloride combine at ordinary temperatures, the product is a 
white crystalline solid called am- 

A/ monium chloride (NH,Cl) : 


NH; + HCl —> NH,Cl 


This reaction can be shown very prettily 
by taking two clay pipes and moistening 
the inside of one with a concentrated water 
solution of ammonia and the other with 
concentrated hydrochloric acid. When 
the mouths of the two pipes are brought 
near each other, a white cloud of ammonium chloride particles is pro- 
duced (Fig. 121). Enough of the gaseous ammonia and gaseous hydro- 
gen chloride escape from the aqueous solution to cause this reaction to 
take place in the air surrounding the pipes. 





Fig. 121. Union of ammonia 
with hydrogen chloride. 
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When ammonium hydroxide is neutralized with hydrochloric 
acid and the solution is evaporated to dryness, a white solid 
results which is identical with that produced by the union of 
gaseous ammonia and hydrogen chloride. This is, of course, ~ 
ammonium chloride, or sal ammoniac : 


NH,* + OH” + H+ + Cl —> NH, + Cl + H.0 


Although the ammonium radical (NH,) has never been ob- 
tained in a free state, yet we have many ammonium salts. In 
all of these compounds this group of atoms NH, acts very much 
like a monovalent metal, such as potassium or sodium. Ina 
water solution these salts are ionized, giving NH, as the positive 


ion. Thus: NH.Cl NH + Cr 


If, however, we send an electric current through such a solu- 
tion, we do not obtain ammonium and chlorine, because the 
chlorine reacts with the solution, forming hydrochloric acid 
and oxygen, and the ammonium ion decomposes into ammonia 
and hydrogen, the ammonia dissolving in water. 

When ammonium salts are heated in a dry tube, they are 
decomposed and most of them give ammonia and an acid. 


For example, NH,Cl == NH; !t + HCl 


It will be noticed that in this case both products are volatile, 
but when these products are cooled, they reunite to form the 
solid ammonium chloride. Here again we have a case of a re- 
versible reaction. 

In order to liberate ammonia from its salts, we have merely 
to heat any ammonium compound with an alkali (such as lime 
or sodium hydroxide) in order to neutralize the acid; we then 
get the unmistakable odor of free ammonia. This can be used 
as a test for ammonium salts. 

212. Uses of ammonia. We have already seen that liquefied 
ammonia is used for refrigeration purposes, being shipped in 
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strong steel cylinders. The aqueous solution, aqua ammonia, 
is used as a cleanser both in the home and in the industries. 
Ammonium sulphate ((NH,).SO,) is a valuable fertilizer since 
it contains a large percentage of nitrogen and, like all ammonium 
salts, is very soluble. Sal ammoniae (NH,Cl) is used commer- 
cially in the manufacture of several types of batteries. Smelling 
salts are made of ammonium carbonate ((NH,)2CO;), an unstable 
salt which decomposes into ammonia, water, and carbon dioxide : 


(N Hy)2COs — 2 NH; t + HO aL CO, t 


Lumps of the solid salt are covered with alcohol and some 
aromatic oil in order to make the powerful odor of the ammonia 
pleasanter. Ammonium nitrate (NH,NQ;) is used in explosives 
because it decomposes easily and leaves no solid products. 


SUMMARY OF CHAPTER XIX 


AMMONIA (NH) is a colorless gas with a pungent odor, about 
half as heavy as air and exceedingly soluble in water. It is easily 
liquefied at ordinary temperatures. 

In nature ammonia is formed by the putrefaction of animal 
and vegetable matter. In the laboratory it is usually prepared by 
heating ammonia water or a mixture of ammonium chloride and 
calcium hydroxide. The chief commercial source is from the dis- 
tillation of coal. In the Haber process nitrogen and hydrogen 
combine directly to form ammonia. 

CHEMICAL BEHAVIOR: ammonia reduces copper oxide to 
copper, forming water and nitrogen; ammonia reacts with hot 
magnesium, producing magnesium nitride and hydrogen; ammonia 
combines with hydrogen chloride to form ammonium chloride. 

AMMONIA IN WATER SOLUTION is basic and contains the 
NH,* and OH™ ions of ammonium hydroxide. 

AMMONIUM SALTS are prepared by neutralizing ammonium 
hydroxide with acids. 

AMMONIA IS USED for refrigeration purposes, as a cleansing 
agent (in water solution), and as a source of ammonium compounds. 
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QUESTIONS AND PROBLEMS 


1. What is the difference between ammonia and ammonium? 

2. What would be the action of dry ammonia on dry litmus paper? 
Why? 

3. What three gases are sometimes used in refrigeration plants? 
What property have they in common? 

4. How would you prove that ammonium hydroxide is a weak 
base? 

5. Ammonia is sometimes spoken of as a basic anhydride. Ex- 
plain. 

6. What is meant by a reversible reaction? Give two examples 
from this chapter. 

7. How would you test a salt for the presence of the ammonium 
radical ? 

8. Write the equation for the neutralization of ammonium hydrox- 
ide by sulphuric acid. 

g. Ammonia is passed over hot copper oxide so as to produce 
500 cc. of nitrogen. How many cubic centimeters of ammonia are 
required ? 

10. Ammonia is passed over hot magnesium so as to produce 1 
liter of hydrogen. How many liters of ammonia are needed ? 

11. If 10 grams of magnesium nitride are put into water, how many 
grams of ammonia are produced ? 

12. If aqua ammonia is 35% by weight ammonia and has a density 
of 0.882 g. per ec., how many grams of ammonia are there in 100 ce. 
of the solution? 

13. How many grams of ammonium chloride are required to react 
with slaked lime in order to give the ammonia required in Problem 12? 


Topic FOR FURTHER STUDY 


Refrigeration. If possible, visit a cold-storage warehouse or an 
artificial-ice plant. What is the principal expense entailed in this 
method of refrigeration? Investigate the household refrigerator. 
Measure the temperature in a household refrigerator with a ther- 
mometer. What is the temperature in a cold-storage plant? In an 
ice-cream freezer? On what principle do the iceless refrigerators oper- 
ate? (Cressy’s Discoveries and Inventions.) 


CHAPTER XX 
NITRIC ACID AND OXIDES OF NITROGEN 


Saltpeter — nitric acid, preparation and properties — 
oxidizing agent —aqua regia —action with metals — ni- 
trates — test for NO; ion — uses. 

Oxides of nitrogen — nitric oxide — nitrogen dioxide — 
nitrous oxide. 


213. Saltpeter. Saltpeter, or niter, is known to most people 
as one of the ae of gunpowder and as a preservative 
r for meats. It was formerly 
obtained from certain dry 
countries in Asia where a 
decomposition product of 
animal matter reacted with 
potash to form potassium 
nitrate (KNO;). Another 
similar compound, called 
Chile saltpeter, is found in 
great deposits in Chile and 
Peru (Fig. 122). This raw 
saltpeter, “ caliche,’’ con- 
tains from 17 to 50 per cent 
of sodium nitrate (NaNQs). 

As long ago as the ninth 
th ae | century men knew how to 
Copyright by #. M. Newman. make nitric acid (HNQOs) 

Fig. 122. Saltpeter fields in Chile. from saltpeter. They fol- 
lowed a method similar to our own, and called the acid “ aqua 
fortis’ (strong water) because of its great chemical activity. 

212 


"2 
b 
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214. Preparation of nitric acid. Nitric acid is generally 
prepared by a process very like that used in the preparation 
of hydrochloric acid, 
namely, by the action 
of concentrated sul- 
phuric acid on a ni- 
trate. Sodium nitrate, 
as the most abundant 
of thenitrates, is mixed 
with concentrated sul- 
phuric acid and heated 
in a retort. In the 
laboratory we take a 
tubulated glass retort 
(Fig. 123) for this pur- 
pose, but in the com- 
mercial manufacture 
of nitric acid an iron 
retort (Fig. 124) is used. The nitric acid is much more volatile 
than the sulphuric acid; hence it distills off and is condensed 
in a suitable apparatus. The substance left in the retort is 
sodium bisulphate: 

NaNO; + H.SOx, ee NaHS0O, + HNO; t 
Smokestack ae 215. Proper- 
ties. Pure nitric 
acid is a color- 
less liquid, boil- 
ing at 86° C. It 
fumes __ strongly 
when exposed to 
moist air. It 
is miscible with 
water in all pro- 
portions; the concentrated form which we buy contains about 
68 per cent of the acid, the rest being water. Such a mixture 





Fig. 123.. Laboratory preparation of nitric acid. 





Fig. 124. Commercial preparation of nitric acid. 
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has a density of 1.4 grams per cubic centimeter and boils at 
120°C. It is highly corrosive, a few drops on the skin caus- 
ing a bad burn. The dilute acid will turn the clothing and 
skin yellow. 

Nitric acid can very easily be decomposed into water, 
nitrogen dioxide (NOs), and oxygen. This decomposition 
takes place even when the acid is exposed for a long time 
to sunlight. When the acid is heated strongly the decom- 
position is very rapid: 


4 HNO; —> 2 H,O0 + 4 NO, + O2 





Nitrogen dioxide is a red-brown gas 
which dissolves in water. When 
it dissolves in 
nitric acid it 
gives the latter 
a yellow color. 
The — so-called 
fuming nitric 
acid results if 
much of this 
oxide is dis- 


Fig. 125. Decomposition of nitric acid in a clay pipe. solved. 





We may show the decomposition of nitric acid by arranging a clay 
pipe so that the stem dips beneath the water, as in figure 125. When 
the stem is red-hot a few drops of concentrated nitric acid are poured 
into the bowl. As the acid runs down the stem, it is decomposed 
into water, oxygen, and nitrogen dioxide. This latter gas dissolves 
in water, and thus only oxygen is collected. The red-brown color which 
is characteristic of nitrogen dioxide can easily be seen when the bubbles 
first appear in the water. 


216. Oxidizing action. Since nitric acid easily decomposes 
and gives off oxygen it is a good oxidizing agent. The equation 
which represents the decomposition of nitric acid when it acts 
as an oxidizing agent is as follows: 


AQUA REGIA 215 


We indicate the fact that the oxygen is taken up by some other 
substance and not itself set free by writing the symbol in 
brackets. 


The oxidizing action of nitric acid 
can be shown by gently heating a 
small quantity of sawdust and put- 
ting two or three drops of concen- 
trated nitric acid on the charred 
mass. This experiment is best carried 
out in a crucible or porcelain dish 
(Fig. 126). The mass instantly takes 
fire, the charcoal burning at the ex- 
pense of the oxygen from the nitric 
acid. 


217. Aqua regia. Nitric acid 


oxidizes hydrochloric acid to fig 126, Action of nitric acid on 
water and free chlorine: charred sawdust. 


HNO; + 3 HCl —> 2 H.O + NO + 3 [Cl] 





For this reason a mixture of one part of nitric and three parts 
of hydrochloric acid slowly evolves free chlorine, which at the 
moment of its liberation is very active. This mixture of acids, 
called aqua regia, will dissolve gold and platinum. We speak 
of an element at the moment of its liberation from a compound 
as being in the nascent state; most elements in this state are 
more active than in the free state. The nascent state we shall 
indicate by writing a bracket around the symbol. Since we do 
not know the molecular condition of a nascent element, we 
write a monatomic formula for it. 

218. Action with metals. Nitric acid behaves differently 
from most acids as regards its action with metals. Free 
hydrogen is practically never produced by the action of even 
dilute nitric acid on metals. The reason is that the hydrogen, 
which is probably at first produced, is immediately oxidized to - 
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water by the nitric acid, the acid in turn being reduced to 
oxides of nitrogen. The exact product of the reaction depends 
on the concentration of the acid and the particular metal em- 
ployed. In some cases the oxides of nitrogen may be further 
reduced to ammonia by the nascent hydrogen. 

The most typical reaction is that of moderately dilute nitric 
acid on copper. The products in this case are copper nitrate, 
water, and nitric oxide: 


Sent ae nitrate ods ae 
, The balancing of this equation is difficult and it will be found 
best to memorize it. 

219. The nitrates. Nitric acid is a monobasic acid and 
forms salts, called nitrates, when neutralized by a base. Thus: 


Nat + OH- + H* + NO;- —> Nat + NO;- + H.O 


Besides dissolving all metals except gold and platinum, it dis- 
solves a number of metallic oxides, such as copper oxide, form- 
ing the corresponding nitrate and water : 

CuO + 2 HNO; —> Cu(NOs3)2 + HO 


copper nitric copper water 
oxide acid nitrate 
Nitric acid acts on such salts as will give a volatile product with 
the acid: 
CaCO; + 2 HNO; —> Ca(NOs3)2 + H2O + COz t 


eabooeil an nnitrate vat! 
Nitrates cannot be prepared by precipitation because the 
nitrates of all metals are soluble in water. We therefore often 
use the nitrate of a metal when we wish to work with a water 
solution containing the ion of that metal. 
When a nitrate is heated, it generally decomposes into the 
metallic oxide, nitrogen dioxide, and oxygen: 


Pam: 2 <  ~- 


TEST FOR NITRATES 2EE 


2 Cu(NO3;). —> 2 CuO + 4 NO, + Op 


copper copper nitrogen oxygen 

nitrate oxide dioxide 
But in the case of sodium and potassium nitrates the products 
are oxygen and a nitrite: 


2 NaNO; ==5> Z NaNO, -- O. 


sodium sodium oxygen 
nitrate nitrite 


220. Test for nitrates. We may easily recognize a nitrate 
by adding concentrated sulphuric acid and then heating with 
copper. The nitric acid which is formed acts on the copper, 
and brown vapors appear. Minute amounts of the NOs; ion 
may be detected by adding a 
solution of ferrous sulphate 
(FeSO,) to the solution which 
is to be tested. Then concen- 
trated sulphuric acid is poured 
in so as to form a layer below 
the mixed solutions. The ap- Fig. 127. Dark brown ring indicates 
pearance of a dark brown ring ee 
(Fig. 127) just above the heavier sulphuric acid indicates the 
presence of the NO; ion. The composition of this dark colored 
compound is not definitely known. The test, however, is very 
delicate, although it requires some skill in manipulation. 

221. Uses. Nitric acid enters very extensively into the 
preparation of a number of organic compounds which are used 
as explosives and as intermediate substances in the preparation 
of dyes. The acid is also employed as a cleansing agent and 
for dissolving certain metals. The nitrates are very largely 
used as fertilizers. (See Industrial Chart, p. 199.) 

222. Oxides of nitrogen. Five oxides of nitrogen are known; 
only three of these are important. They are nitrous oxide 
(N,O), nitric oxide (NO), and nitrogen dioxide (NO2). Nitro- 
gen trioxide (N.O;) and nitrogen pentoxide (N2O;) are unstable 
substances of no special importance. 
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223. Nitric oxide (NO). Nitric oxide is most readily pre- 
pared by the action of dilute nitric acid upon copper. The 
equation for this reaction has already been discussed (§ 218). 
The apparatus is the same as that used to generate hydrogen. 
The gas is colorless and almost insoluble in water. 

The most important property of nitric oxide is its ability 
to unite with oxygen, even at ordinary temperatures, to form a 
red-brown gas, nitrogen dioxide (NO,) : 


nitric * oxygen nitrogen 
oxide dioxide 


224. Nitrogen dioxide (NO,.). This gas, which is formed 
when nitric oxide comes in contact with oxygen, has a very 


unpleasant odor and is poisonous when in- 
haled. 


We may prepare nitric oxide as just described, 
fill a tube with it over water, and then introduce 
oxygen (Fig. 128), which can be conveniently gen- 
erated by dropping water 
on sodium peroxide (Na2Oz). 
As each bubble of oxygen 
enters the tube, it unites 
with the nitric oxide to form 
the red-brown nitrogen di- 
oxide. But the color soon 
fades, and the water rises in 
the tube as the dioxide re- 
acts with the water. 






Oxygen Generator 


Sodium Peroxide 


An interesting propert 
Fig. 128. Introducing oxygen into nitric oxide. 6 


of nitrogen dioxide is its 
reaction upon water by which nitric acid and nitric oxide are 


produced: 5 No, + H,O —> 2 HNO, + NO 
nipoge water port — 


When cooled this gas grows pale yellow, and its density 
becomes twice as great. This paler gas has the formula NO, 
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and is called nitrogen tetroxide. At ordinary temperatures 
the gas is a mixture of the two; so we express the relation by 
a reversible equation : 

2AM Os == N2O, 


high low 
temperatures temperatures 


We have already seen that nitrogen dioxide plays the 
part of the carrier of oxygen in the manufacture of sul- 
phuric acid by the chamber process 
(§ 195). 

225. Nitrous oxide (N.O). Nitrous 
oxide is the “ gas”’ which the dentist 
uses as an anesthetic. It was the first 
gas to be administered to a patient to 
render him temporarily unconscious of 
pain. Since it sometimes produces 


a kind of hysteria Z has been 
named “ laughing gas.” 

It can be con- 

veniently pre- 












pared by heat- 
ing ammonium 
nitrate. This 
decomposes 
into water and 


Fig. 129. Preparation of nitrous oxide. nitrous oxide: 
NH,NO; —> 2 HO t aad N.O t 
ammonium water nitrous 
nitrate oxide 


The apparatus may beset up as shown in figure 129. The heat 
must be carefully regulated or an explosion may occur. The nitrate 
first melts and then begins to effervesce as it decomposes. One of 
the products is steam, which is condensed in the catch bottle; the 
other, nitrous oxide, is collected over warm water, in which it is but 
slightly soluble. 
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Nitrous oxide is a colorless gas with a slightly sweet taste. 
It supports combustion almost as well as oxygen. Unlike 
oxygen, however, it does not unite with nitric oxide to form 
the brown dioxide. It will not support the combustion of 
sulphur unless it is burning vigorously. Nitrous oxide is 
easily liquefied and in this form is sold in steel cylinders. 
When it is used in minor operations, it is customary to mix it 
with air in order not to deprive the patient entirely of oxygen. 

It will be well to compare the action of heat on ammonium 
nitrate and on ammonium nitrite : 

NH,NO,—~> 2 H,O + No 


ammonium water nitrogen 
nitrite 


This was the reaction which we used in preparing pure nitrogen 
(§ 75). 
SUMMARY OF CHAPTER XX 


NITRIC ACID IS MADE by heating concentrated sulphuric 
acid and sodium nitrate. It is a colorless liquid which mixes with 
water. The commercial concentrated acid contains 32 per cent 
of water. 

NITRIC ACID is easily decomposed, forming oxides of nitrogen 
and free oxygen. It is a powerful oxidizing agent. A mixture of 
nitric and hydrochloric acid is aqua regia; this furnishes nascent 
chlorine. 

UNLIKE MOST ACIDS nitric acid very seldom produces 
free hydrogen with metals. Oxides of nitrogen are usually the 
products; in some cases ammonia may be formed. 

NITRATES MAY BE PREPARED by the action of nitric acid on — 


(1) metals, except gold and platinum; 
(2) oxides and hydroxides; 
(3) salts giving volatile products. 

NITRIC ACID IS USED in the preparation of explosives, ferti- 
lizers, and dyes. Of the nitrates those of sodium and potassium 
are the most important. Sodium nitrite is made by heating sodium 
nitrate. 
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NITRIC OXIDE (NO) is prepared by the action of dilute nitric 
acid on copper. In contact with oxygen it produces nitrogen 
dioxide (NO:), which is a red-brown gas, poisonous, and soluble 
in water. Nitrogen dioxide on cooling doubles its molecules and 
passes into nitrogen tetroxide (N.0O,). 

NITROUS OXIDE (N,0O) is made by heating ammonium 
nitrate. It supports combustion. It is used in surgery to produce 
anesthesia. 


QUESTIONS AND PROBLEMS 


+ ‘Why are the deposits of Chile saltpeter so valuable? ; 
2. Why is sodium nitrate instead of potassium nitrate used in the 
manufacture of nitric acid? 
3. What is aqua ammonia? aqua fortis? aqua regia? 
4. Explain how the chloride is formed when gold or platinum 
dissolve in aqua regia. 
5. Name three metals which dissolve in nitric acid but do not 
dissolve in hydrochloric acid. 
6. State the law which is illustrated in the oxides of nitrogen. 
Explain. 
7. How would you distinguish nitrous oxide from oxygen? 
8. How many grams of nitric acid could be made from 10 grams 
of sodium nitrate? 
9. How many grams of nitric acid could be made from 10 grams of 
potassium nitrate? Compare this answer with that to Problem 8. 
10. Calculate the density (grams per liter) of nitric oxide from 
the formula NO. 
11. Compute the weight of copper which will be needed to generate 
with dilute nitric acid one liter of nitric oxide (standard conditions). 
12. One liter of nitric oxide is converted into nitric dioxide by 
contact with the air. How many liters of air (approximately) will 
be required ? 


TOPIC FOR FurRTHER STUDY 


Sodium nitrate from Chile. How is the material mined, purified, 
and shipped? How long will the present supply probably last? (Dun 
can’s Chemistry of Commerce.) 


CHAPTER XXI 
EQUILIBRIUM; FIXATION OF NITROGEN 


Reversible reactions — kinetic equilibrium — Law of Con- 
centration, or Mass Action — effect of temperature — effect 
of catalysts. 

Fixation of nitrogen — direct oxidation — ammonia pro- 
cess — cyanamide process. Explosives — nitrogen cycle — 
nitrogen compounds as fertilizers. 


226. Reversible reactions. We have already met a number 
of reactions which will ‘‘ work backwards ” when the conditions 
are changed. We have called these reversible reactions and 
have indicated them by a double arrow. For example, when 
steam is passed over hot metallic iron, hydrogen is set free, and 
iron oxide is formed; but if hydrogen is passed over hot iron 
oxide, the oxide is reduced to iron, and water is formed : 


3 Fe + 4 H.O =— Fe;0, + 4 He 
iron steam —_ hydrogen 


In the first case we read the equation from left to right, and in 
the second case from right to left. In the first case we sweep 
out the hydrogen with a surplus of steam and prevent the 
reverse action; in the second case we sweep out the steam with 
a surplus of hydrogen. 

Another example of a reversible reaction is the case of hydro- 
chloric acid. In a normal solution (that is, one containing 
36.5 grams HCl per liter) about 78 per cent of the molecules are 
ionized, and the rest are in the molecular state. This condi- 
tion we represent by the following equation; 


HCl == Ht + Cl- 
222 
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If we add water and make the solution more dilute, more mole- 
cules dissociate, and the reaction goes from left to right; but 
if we evaporate the solution, the ions combine, and the reaction 
goes from right to left. ‘ 

227. Kinetic equilibrium. In the first example we might 
inclose some iron turnings and steam in a closed tube and keep 
the temperature high enough for either reaction to go on. If 
we should keep the tube in this condition for some time and 
then should open it, we should find that no progress had been 
made in either direction; some of the iron would be oxidized, 
and there would be a certain proportion of hydrogen and of 
steam. This balanced condition is not believed to be due 
to any cessation of chemical action, but rather to the fact 
that both actions are going on at the same rate. Therefore it is 
called kinetic equilibrium. 

In the case of a solution of hydrogen chloride we believe 
that the molecules are moving about rapidly and are constantly 
splitting up into hydrogen ions and chlorine ions. At the 
same time these ions in their wanderings about the solution 
are meeting others with an opposite charge and are uniting 
to form molecules of hydrogen chloride. The result is that 
although the molecules are continually dissociating and as- 
sociating again, yet the ratio between the ions and the mole- 
cules does not change so long as the volume of the solution 
and its temperature remain constant. This, then, is another 
case of kinetic equilibrium. 


We must not conceive of kinetic equilibrium as a condition of rest. 
It may help us to grasp the idea if we think of a tank which has water 
pumped in and flowing out at such a rate that it stays just three- 
fourths full. The level of the water remains constant, but the actual 
water is continually changing. This is a mechanical analogue of kinetic 
equilibrium. 


228. Law of Concentration. In practical chemical work 
we usually want our reactions to continue in one direction until 
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we obtain as much of the product as possible. Therefore it is 
necessary to study all the conditions of equilibrium and es- 
pecially the effect of concentration. We can cause a reaction 
which is in equilibrium to go on further in one direction or the 
other by increasing the concentration of one of the substances 
in the reaction mixture. By concentration we mean simply 
the amount of material in a given volume. 

If in the case of the equilibrium in the closed tube containing 
iron and steam we should open the tube and allow some of the 
hydrogen to escape, more would be formed, and the reaction 
would go from left to right; but if only the steam were per- 
mitted to leave the tube, then the hydrogen would go on acting 
with the oxide to restore the proportion, and the reaction would 
go from right to left. The continuance of the reaction in one 
direction or the other depends on the relative amounts in a 

given volume of the active substances, hydro- 
H,SO, gen and steam; that is, on their concentration. 
This is sometimes called the Law of Mass Action. 






To illustrate the application 
of this law to solutions, we 
place some saturated sodium 
chloride solution in a erystal- 
lizing dish. We then introduce 
hydrogen chloride gas through 
an inverted funnel (Fig. 130). 
After a short time erystals of 
sodium chloride are formed in 


Fig. 130. Pure salt precipitated by hydro- the saturated solution: 


gen chloride. 
In the saturated salt solution we have a case of equilibrium 
between the ions and the molecules of salt: 


NaCl] == Nat + Cl- 


When we introduce hydrogen chloride gas we add another case 


of equilibrium : 
HCl == H+ + Cl- 


ae ee ee ee, 
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We have increased the concentration of the chlorine ions, which 
means that the sodium ions meet the chlorine ions more fre- 
quently than before, and therefore they combine to form mole- 
cules of salt faster than the molecules: dissociate. But the 
solution already is saturated with molecules of salt; hence salt 
crystallizes out as pure sodium chloride. 

‘We may generalize these facts into the Law of Concentration, 
or Mass Action, as follows: 


By increasing the concentration of one of the reacting substances 
or by decreasing the concentration of one of the products, we may 
cause the chemical action to go more nearly to completion in a 
given direction. 


229. Applications of the Law of Concentration. We have 
already seen that a reaction will go to an end — 
(1) if one of the products is volatile : 


NaCl a H.SO; —=> NaHSO, -|- HCl q 


(2) if one of the products is znsoluble : 
NaCl + AgNO; —> NaNO; + AgCl } 


(3) if one of the products does not ionize : 


NaOH + HCl —> NaCl + H20 


All neutralization reactions go to an end because water, which 
is always one product, is practically nonionized. 

In each of these cases we see that the action goes to completion 
because one of the products is removed; that is, its concentration 
becomes practically zero. 

Many reactions, however, do not go quite to an end because 
no product. is absolutely. insoluble. Take, for example, the 
reaction 


Ba(NOs)2 H.SO, _> BaSO, 1 -+ 2 HNO; 
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The barium sulphate is practically insoluble but not quite so. 
If we wish to precipitate all of the barium from a solution we 
add an excess of sulphuric acid. In this way we increase the 
concentration of the SO,-~ ions and so precipitate the Bat + 
ions more completely. 

In the experiments on combustion we found that charcoal 
and other materials burn faster in pure oxygen than in air 
(which is oxygen diluted with nitrogen). In a steamship the 
coal is burned under forced draft in order to supply the oxygen 
faster; that is, to increase the amount of oxygen available at 
any one time. According to the Law of Concentration, or 
Mass Action, we express these facts by stating that the speed 
at which a given material burns depends for one of its factors upon 
the concentration of the oxygen. 

230. Effect of temperature. We have already seen many 
cases in which an increase in the temperature hastens a chemical 
reaction. It has been found that, in general, a rise of 10° C. 
about doubles the speed of most reactions. 


For EXAMPLE, the directions on a Kodak Development Tank state 
that when the solution is 70° F., the time needed to develop a photo- 
graphic film is 15 minutes; at 65° F., 20 minutes; at 60° F., 25 minutes ; 
and at 55° F., 30 minutes. This means that raising the temperature of 
the developer 15 degrees Fahrenheit (or 8.3° centigrade) makes it work 
twice as fast. 


The condition of equilibrium of any chemical reaction de- 
pends on the temperature. A change in temperature will 
almost always cause the equilibrium to shift in one direction 
or the other. This has been shown in the following equation : 


2 NO, — N2O, 


high low 
temperatures temperatures 


A rise in temperature favors the formation of the nitrogen 
dioxide from the nitrogen tetroxide with a corresponding in- 
crease in color. On cooling again the nitrogen dioxide goes ~ 
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back to the tetroxide and the color fades. For every temperature 
there is a certain ratio between the amounts of these two oxides. 
231. Effect of catalysts. Many reactions do not come to 
equilibrium as quickly as in the case just discussed. For ex- 
ample, a mixture of nitrogen and hydrogen will stand at 500° C. 
and no change will take place. If, however, we pass this mix- 
ture of gases at the same temperature over finely divided iron, 
the reaction follows at once, and 3 per cent of ammonia 


is formed : N, +3 Hp == 2. NH; 


A catalyst will thus increase the speed of a reaction and cause 
it to reach rapidly a condition of equilibrium. As pointed out 
before, it acts as a chemical lubricant, overcoming a certain 
amount of hindrance to the action. A catalyst will not, how- 
ever, change the equilibrium of a reaction. We can find no 
catalyst which will cause nitrogen and hydrogen to combine 
to a greater extent than they do in the presence of heated iron. 
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232. The problem of fixation of nitrogen. Nitric acid and 
the nitrates are important in our modern life because they are 
necessary in the manufacture of explosives and of fertilizers. 
The principal source of nitric acid and the nitrates was formerly 
the deposits of sodium nitrate in Chile. This supply is not 
only rapidly becoming exhausted, but it may at any time be 
cut off from the rest of the world through some such con- 
tingency as war. The atmosphere, however, contains enormous 
quantities of nitrogen from which it should be possible to syn- 
thesize nitric acid and its derivatives. In fact, a number of 
successful methods have been developed for doing this very 
thing; they are called processes for the fixation of nitrogen. 
We shall consider three of the most important of these and 
shall find that what we have just learned about reversible 
reactions will be of great value in understanding them. 
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233. Direct oxidation. Nitrogen and oxygen will combine 
to a very slight extent at a very high temperature. The re- 
action is a reversible one and proceeds to the right as the 
temperature is increased : 


Ne + O. == 2 NO 
At 2000° C. only about one per cent of the mixed gases com- 


bine; at 3000° C. about five per cent; while at ordinary tem- 
peratures the equilibrium mixture contains practically no 
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Fig. 131. Diagram of the Birkland-Eyde process of fixation of nitrogen. 


oxide. If the mixture of nitrogen and oxygen is heated to 
3000° C. and is then allowed to cool down slowly to room 
temperature, there will be no apparent change. The nitric 
oxide which was formed at the high temperature will keep 
reverting to its elements as the temperature is gradually lowered. 
If, however, the mixture is quickly cooled, the reaction does not 
have time to reverse itself completely, and a certain amount of 
nitric oxide will be left. A number of commercial processes 
for directly oxidizing atmospheric nitrogen are based on this 
principle (Fig. 131). In all of these processes air is blown 
through a flame produced between the electrodes of a power- 
ful electric arc. In passing through this are the air reaches a 
high temperature and is then suddenly cooled as it leaves the 
flame. The gas from such a furnace contains about one per 
cent of nitric oxide. Since there is an excess of oxygen from 
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the air in this mixture, the nitric oxide goes into nitrogen 
dioxide as the gas is cooled: 


N: + O, —> 2 NO; high temperature 
2NO + 0. —> 2 NO:; lower temperature 
The gases are now led through towers down which water 
drips, and the nitrogen dioxide combines with the water, form- 


ing nitric acid and nitric oxide. The latter comes in contact 
with air and produces more nitrogen dioxide, which in turn 
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Fig. 132. Electric-arc furnace used to fix nitrogen. 


reacts with the water. Thus, in the presence of air nitric 
oxide will completely dissolve in water, forming nitric acid: 


3 NO. + H.O —> 2 HNO; + NO 
2 NO + O, —> 2 NO2 
4NO,+ 2 HO + 0. —> 4 HNO; 


This nitric acid is neutralized with calcium carbonate, forming 
calcium nitrate, which is used chiefly as a fertilizer and as a 
source of nitric acid. 

This method of making nitric acid (known as the Birkiand- 
Eyde process) has worked successfully in Norway, where 
electric power is cheap on account of the abundant water 
power. The Birkland-Eyde electric furnace (Fig. 132) uses 
an electromagnet to spread out the are into a disk of 
flame. 
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234. Ammonia process. We have already seen (§ 208) 
that ammonia can be prepared according to the Haber process 
by combining hydrogen with the nitrogen of the air. Nitric 
acid can then be made by the oxidation of the ammonia, which 
is done by heating a mixture of ammonia 
and air in contact with some catalyst, such 
as platinum. This process works at a 
relatively low temperature and therefore 
requires very little energy. 

235. Cyanamide process. There is an- 
other ammonia process which is not so di- 
rect. Calcium carbide (CaC.), which is 
used to generate acetylene, will combine 
with nitrogen when heated (Fig. 133), 
forming carbon and a compound called 
calcium cyanamide (CaCNz): 





Fig. 133. Calcium cyan- 


amide furnace. CaC, -- Ne —>- CaCN2 & 


When this compound (CaCN:2) is treated with steam under 
pressure, it decomposes, forming calcium carbonate and am- 


mona: — CaCN, + 3 H:O —> CaCO; + 2 NH; t 


The ammonia is oxidized into nitric acid, as described in the 
preceding section, according to the following reaction : 


NH; aL 2 Oz _> HNO; a H,O 


The preparation of nitric acid from sodium nitrate is or- 
dinarily the most economical process, but the newer methods 
of making it from atmospheric nitrogen are coming into use. 

236. Explosives. An explosion is a very rapid chemical 
action in which a large volume of hot gases is produced from 
liquid and solid materials called explosives. The more rapid 
the action and the greater the quantity of gases produced, the 
more violent is the explosion. 
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All modern explosives contain nitrogen and are prepared 
from nitric acid. . Old-fashioned black powder is a mixture 
of charcoal, sulphur, and potassium nitrate. On being ignited 
it burns suddenly with the evolution of alarge volume of gases. 


Place a small pile of gunpowder on a brick; then bring the ends of 
two wires which are connected to the secondary of a small induction 
coil almost together 
and embed them in 
the powder. When 
the electric spark is 
discharged between 
the wires, the powder 
burns with a huge 
puff of smoke (Fig. 
134). 





If this action oc- 
curs in a confined 
space, such as a gun barrel, a strong expansive force is exerted. 

Modern explosives are carbon compounds which contain 
nitrogen and oxygen. They are formed by the action of 
nitric acid on a number of different substances. They all 
have the property of decomposing quickly when they are 
ignited, or when another explosive is set off very near them. 
This latter process is called detonation. When they decom- 
pose they produce an enormous volume of gases at a high tempera- 
ture, and these gases exert a terrific pressure, which does the 
work required of an explosive. 

The explosive which forms the basis of the smokeless powder 
used in guns of all calibers is made by the action of nitric acid 
on cotton. Cotton is a compound of carbon, hydrogen, and 
oxygen, called cellulose, and the action of the nitric acid con- 
verts it into a compound called nitrocellulose. The nitro- 
cellulose is turned into a jelly-like mass by certain solvents; 
this is pressed out into short rods or strips and dried. It burns 
in the barrel of a gun when ignited by the priming charge; 


Fig. 134. Gunpowder exploded by an induction coil. 
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the gases produced push out the projectile (Fig. 135). Trini- 
trotoluene (T.N.T.) and picric acid are the explosives used inside 
high-explosive shells, in mines, and in depth charges; they are 
produced by the action of nitric acid on toluene and carbolic 
acid respectively. These latter substances are prepared from 
coal tar. Trinitrotoluene (T.N.T.) and picrie acid can be set 
off only by first exploding in them a more sensitive explosive 
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Fig. 135- Modern projectile used in the famous French 75 mm. gun. 


(a detonator). They explode suddenly and with much violence, 
causing great damage. 

Nitroglycerin is made by the action of nitric acid on glycerin 
(C3H;(OH);). It is a very sensitive explosive and is little 
used unmixed. When it is soaked up in sawdust or some other 
porous material, and mixed with sodium nitrate, dynamite is 
produced. Dynamite is too violent and sensitive an explosive 
to be used in guns or shells. It is used for blasting, for making 
large holes in the earth, and for wrecking purposes both in war 
and peace. It is extensively used in modern agriculture for 
blasting out stumps (Fig. 136), breaking up boulders, blasting 
ditches, as well as in preparing the holes for the planting of trees. 

All modern warfare is based on the prodigious use of ex- 
plosives of all kinds, which in turn depend for their manufacture 
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on nitric acid. A belligerent country shut off from the supply 


of Chile saltpeter must have some method of producing nitric 


acid from the air or else 
have large stocks of salt- 
peter stored up. In the 
recent great war Germany 
was able to continue fight- 
ing, only because her chem- 
ists had perfected the pro- 
cesses for the production of 
nitric acid from the air. 
237. Nitrogen cycle in 
nature. Nitrogen com- 


Copyright by Pub. Photo Service. 








Getting a stump ready for 
blasting. 


pounds are an essential part of all living plants and animals. 
Those nitrogen compounds which occur naturally are called 
proteins; they are composed of carbon, nitrogen, oxygen, and 
hydrogen. The plant is able to build them up from the water, 
carbon dioxide, and the inorganic nitrates which it finds in the 





Fig. 137- Nitrogen cycle. 


soil. The protein in 
animals is obtained en- 
tirely from the plants 
or other animals which 
they consume. The 
waste products of plant 
and animal life contain 
the nitrogen of the orig- 
inal protein combined 
in a number of differ- 
ent compounds, which 
are easily acted upon 
by certain bacteria in 
the soil, forming am- 
monium compounds. 


These ammonium compounds in turn are oxidized by other 
bacteria to nitrates, which can be taken up by plants (Fig. 137). 
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Thus nitrogen makes a cycle through plant and animal life 
and the soil. 

238. Nitrogen compounds as fertilizers. Unfortunately 
there are two factors at work upsetting this cycle. In the 
first place, there are certain bacteria which convert some of 
the nitrates of the soil into free nitrogen, which is thus lost. 
In the second place, in modern civilization the waste products 
of plant and animal life no Jonger find their way back to the 
soil; large quantities of them are forever wasted by being 
dumped into rivers and the sea. For these reasons nitrogen 
must be continually supplied to the soil in some form in which 
the plants can use it. If the waste products of life, such as 
manure, are available, they make an excellent fertilizer, but 
the supply is very limited. The artificial fertilizers which can 
be prepared by the chemist consist 
of ammonium compounds and the 
nitrates. Most of the nitric acid 
produced by the direct oxidation of 
nitrogen is converted into calcium 
nitrate, which is used directly as a 
fertilizer. In some localities calcium 
cyanamide can be used directly as a 
nitrogen fertilizer. The ammonia 
prepared from it, or prepared by the 
Haber process, can be used as am- 
monium salts, or it may be oxidized 
to nitric acid and used as nitrates. 
This problem of obtaining available 
nitrogen for plants from the atmosphere 
is one which will have great economic importance in the years to come. 

Some plants have themselves the power of converting the 
nitrogen of the air into useful compounds. This is brought 
about by certain bacteria which are found in the tubercles on 
the roots of leguminous plants, such as peas and clover (Fig. 
138). It is now possible to buy these bacteria and to inoculate 





Fig. 138. Nodules containing 
nitrogen-fixing bacteria. 
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beans and similar plants with them before planting. This in- 
sures the growth-of the bacteria on the roots of the plant and 
consequently the direct production of a nitrogen fertilizer by 
the plant itself. 


SUMMARY OF CHAPTER XXI 


REVERSIBLE REACTIONS come to a condition of equilibrium 
in which the two opposite reactions proceed at the same rate, and 
the average percentage composition of the mixture remains con- 
stant. 

THE LAW OF CONCENTRATION, OR MASS ACTION, states 
that by increasing the concentration of one of the reacting sub- 
stances or by decreasing the concentration of one of the products 
a reaction may go more nearly to completion in a given direction. 

THE COMPOSITION OF THE EQUILIBRIUM MIXTURE 
depends on the temperature. A catalyst may be used to increase 
the speed of the reaction and cause the equilibrium to be estab- 
lished quickly, but it does not change the composition of the equilih- 
rium mixture. 

THE FIXATION OF NITROGEN means the process of manu- 
facturing nitrogen compounds out of the free nitrogen of the air. 

THE COMMERCIAL PROCESSES for the fixation of nitrogen 
include the following: 

(1) the direct oxidation (Birkland-Eyde) ; 
(2) the synthesis of ammonia (Haber) ; 
(3) the cyanamide process. 


The ammonia made in these last two processes can be oxidized 
to nitric acid. 

NITRIC ACID is used in the manufacture of all explosives. 
Smokeless powder is nitrocellulose and is made from cotton. 
The bursting charge in shells, mines, etc., is trinitrotoluene 
(T.N.T.) or picric acid. Dynamite is nitroglycerin absorbed in 
some porous material and mixed with sodium nitrate. 

NITRATES are essential to plant growth. Nitrogen goes 
through a cycle in animal and plant life and the soil. This cycle 
is upset by several factors. For this reason nitrates must be 
applied to the land as fertilizers. 
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QUESTIONS 


1. Write the reaction of zine oxide on carbon monoxide as a re- 
versible reaction. State how the direction may be controlled. 


2. Write the reaction of ammonia and water as a reversible reaction. 
State the conditions which control its direction. 


3. Write the reaction for the decomposition of the red oxide of 
mercury. Under what conditions is this reaction reversible? 


4. Why is chemical equilibrium considered kinetic? 


5. State the Law of Concentration, or Mass Action. Why is it 
important to the industrial chemist? 


6. What is meant by saying that a reaction goes to an end? 

7. State three conditions under which reactions do go to an end. 
Illustrate by equations. 

8. Examine the following reactions and write the complete equa- 
tions for those which go to anend. State the reason in each case. 


NaCl + Pb(NO;)2 —> ? FeS + H.SO, —>? 
NaNO; + CuSO, —~>? KOH + HNO; —>? 
BaCl, + KNO; —>? Pb(NO;)2 + H»SO, —> ? 
ZnCl, + AgNO; —>? NaNO; + K.SO, —~> ? 
CaCO; + HCl —>? ZnSO, + HNO; —>? 


9. Why are catalysts so commonly used in commercial chemical 
processes ? 

10. Why is the “ fization of nitrogen”’ such an important chemical 
problem ? 

11. When black gunpowder is ignited, the reaction may be expressed 
in the following equation : 

2KN0O; + 3C +S —> K.S +3 CO: + Na 

What are the approximate proportions in which the three components 
of gunpowder are mixed? 

12. What per cent of the products in the equation just given are 
gases ? 

13. What other elements besides nitrogen are essential to plants? 

14. How does a plant get its supply of nitrogen? 

15. How does an animal get its supply of nitrogen? 
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16. Name and give the formulas for four fertilizers containing 
nitrogen. 


17. What sort of plants can ‘‘fix’’ atmospheric nitrogen? 


18. “Sulphate of ammonia” is a very concentrated commercial 
fertilizer. What per cent of nitrogen does it contain? 
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The fixation of nitrogen. What methods of fixing nitrogen are 
commercially possible to-day? What methods have been used on a 
large scale? Why is the maufacture of nitrogen compounds from the 
air of national importance? (Slosson’s Creative Chemistry, Duncan’s 
Chemistry of Commerce, U. S. Dept. of Commerce Bulletin No. 52— 
Utilization of Atmospheric Nitrogen, and Findlay’s Chemistry in the 
Service of Mankind.) 

Explosives. Why are nitric and sulphuric acids considered the 
prime essentials for the manufacture of explosives? What other 
materials are needed for war-time explosives? for commercial explo- 
sives? What is the difference in action between smokeless powder, 
T.N.T., mercury fulminate, and dynamite? How is each made? 
What explosives are used in mining and agriculture? (Martin’s 
Modern Chemistry, Tilden’s Chemical Discovery and Invention, and 
Bird’s Modern Science Reader.) 


CHAPTER XXII 
CARBON, HEAT, AND FUELS 


Carbon, its allotropic forms — diamond and graphite — 
coal, coke, lampblack, and boneblack — chemical behavior of 
carbon — coal as fuel — heat units — calorimeter — fuels and 
smoke — petroleum, gasolene, kerosene, oils — fuel gases: 
natural, coal, water, and producer—gas burners and flames 
— acetylene welding. 


239. Carbon, a very important element. Carbon is a most 
interesting and unusual element, both in itself and in its com- 
pounds. We shall therefore have occasion to devote some time 
to its consideration. In this chapter we shall study the ele- 
ment itself and a few of its compounds with hydrogen, which 
are used as fuels. In Chapters XXIII and XXIV we shall go 
on with other important carbon compounds, both simple and 
complex. Its two oxides — carbon dioxide and monoxide — 
we have described in earlier chapters; we have already spoken 
of its essential importance to both plant and animal life. In 
general we may say the following of this element: that it has 
the usual characteristics neither of a metal nor of a nonmetal ; 
that it forms no salts which give a positive ion; and that the 
only acid which is produced from its oxide (carbonic acid) is a 
very weak one. 

240, Allotropic forms. It certainly requires much imagina- 
tion to believe without more ado that charcoal, graphite, and 
diamond are only different forms of one and the same element. 
But despite their widely divergent physical properties they are 
all elementary carbon, and we may prove this experimentally 
by showing that each of them will burn in oxygen and evolve 
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earbon dioxide as the sole product. Just as in the case of 
sulphur, we have here two crystalline forms, diamond and 
graphite, as well as certain amorphous, or noncrystalline, forms, 
such as charcoal and lampblack. It is possible to change these 
forms into one another. Charcoal can be converted into 
graphite by heating it to a very high temperature. It is even 
possible to make very small diamonds artificially. 

241. Crystalline carbon. In certain localities of South 
Africa, South America, and the East Indies diamonds are 
found in gravel deposits. In their 
native state they are not at all like 
the gems which the name suggests. 

They generally look like ordinary 

rough stones, hardly transparent, 
and with little appearance of being Fig. 130. Diamonds, rough and 
crystals. To make them into gems eu 

(Fig. 139) they are ground, or ‘‘cut,’’ in such a way that they 
will reflect light from a number of different faces; that is, 
“ sparkle ”’ in the light. 

Diamond is one of the hardest substances known. It can 
be cut. and polished only by other diamonds or by diamond 
powder. Some diamonds are brownish and even black; these 
are used for cutting glass and for giving a cutting edge to drills 
and rock-borers. 

Another form of crystalline carbon is graphite. Although 
it occurs in nature abundantly in certain localities, it is now 
also manufactured on a large scale from hard coal. Hard coal 
is a form of impure carbon, which passes into graphite when it 
is subjected to a very high temperature out of contact with the 
air. This high temperature is produced in a so-called electric 
resistance furnace. A powerful electric current passes 
through a long bed of coal. Since coal is a poor conductor 
of electricity its resistance to the electric current produces 
large quantities of heat, which raise the mass to the desired 
temperature. The electric current plays no part in the chemical 
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changes brought about in such a furnace but merely generates 
the necessary heat (Fig. 140). 

Graphite is a glistening, black substance, which consists of 
a mass of fine, crystalline, slippery scales. It is soft and greasy 
and for this reason enters very extensively into the manufacture 
of lubricants. It is also used in making “ lead ” pencils, stove 
polishes, and paint. Crucibles are often made of it because it 
will not melt at the highest temperature. It is sometimes 
called plumbago, or black lead. 





Fig. 140. Graphite electric furnace. 


242. Amorphous carbon. The noncrystalline, or amorphous, 
form of carbon is prepared in many ways. Pure amorphous car- 
bon can be got by heating cane sugar, which is a compound of 
carbon, hydrogen, and oxygen. On being heated the hydrogen 
and oxygen escape as water and leave the amorphous carbon. 
Wood charcoal is another form of amorphous carbon, but it 
contains a small amount of impurities as ash. It is made by 
heating wood out of contact with the air, a process which is 
called destructive distillation. Certain volatile materials, such 
as wood alcohol and acetic acid, are evolved during this treat- 
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ment. In the older processes for making charcoal these were 
allowed to escape, but in a modern plant (Fig. 141) they are 
condensed and 
used. Coke is 
still another 
common sub- 
stance which is 
essentially amor- 
phous carbon. 
It is formed from 
coal in exactly fc BL 

the same wey. Fig. 141. Modern plant for making wood charcoal. 
that charcoal is - 

made from wood. Both coke and charcoal are used as fuels and 
as reducing agents in metallurgical operations. 





The reduction of copper oxide with carbon will illustrate this use. 
We heat a mixture of black copper oxide and charcoal in a hard-glass 
test tube (Fig. 142) and lead the gas 
evolved into limewater. The white 
precipitate shows carbon dioxide. 
Metallic copper is left in the tube: 


2 CuO + C —> 2 Cu + CO; | 


We shall mention only a few of 
the other forms of amorphous car- 
bon. Lampblack is made by burn- 
ing certain oils in a limited supply 
of air and collecting the soot. It 
isalmost pure carbon. Large quan- 
tities are used in the manufacture 
of printer’s ink and paint. The 

—— charcoal which is made by heating 

Fig. 142. Reductioncf copper bones without access of air is called 
peace bases tan: animal charcoal, or boneblack. 

Thus we see that coke, charcoal, and boneblack are produced by 
the destructive distillation of coal, wood, and bones respectively. 
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243. Coal. The most important variety of amorphous carbon 
is coal (Fig. 143). The coal we burn to-day was once living 
vegetation. This has long been buried under beds of sand as 
the result of certain geological changes which have taken place 
in the earth’s crust, and has been subjected to pressure and 
fairly high temperatures. In consequence the vegetable ma- 
terial has undergone a partial decomposition, yielding amor- 





Fig. 143. Gangway in a coal mine, showing two electric locomotives hauling out 
trains of coal Cars. 


phous carbon as the main product. Anthracite coal (hard 
coal) is about 90 per cent carbon, nearly all of which is in 
the uncombined state. Bituminous coal (soft coal) contains 
somewhat less carbon; a considerable part of it is combined 
with hydrogen, oxygen, nitrogen, and sulphur. Coal is used 
directly as a fuel and also for the manufacture of coke. 


The plant for the production of coke (Fig. 144) consists essentially 
of the following parts: iron retorts or ovens in which the soft coal is 
heated; a series of towers and scrubbers through which the gases pass 
in order to remove heavy, tarry material (coal tar), ammonia gas, and 
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hydrogen sulphide; a gas holder to collect the purified coal gas. The 
coke is left in the retorts. Coal tar and ammonia, as well as the coal 
gas and the coke, are of great commercial value. 


244, Chemical behavior of carbon. None of the forms 
of carbon react with either bases or acids. They do not dis- 
solve in ordinary solvents, although melted iron does dissolve 
carbon to a certain extent. At ordinary temperatures all 
forms of carbon are very inert; but at high temperatures they all 
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Fig. 144. Diagram of a plant for making coal gas and its by-products. 


burn, forming carbon dioxide, or, in a limited supply of oxygen, 
carbon monoxide. At high temperatures carbon acts as a re- 
ducing agent and thus removes oxygen from the oxides of 
many metals. This is essentially the process of producing 
metals from their ores. 

245. Coal as a fuel. Carbon in the form of coal is the 
source of nearly all the energy which is used to run our factories 
and to keep us warm in winter. But carbon alone is not 
sufficient; we must burn it, and in order to burn it we must 
have oxygen. Thus both carbon and oxygen are necessary 
for the production of the energy which is set free when they 
combine. When we buy a ton of coal we are not especially 
interested in the gases which go up the chimney or in the ashes 
left behind, but we are interested in the energy produced. 
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Heat is the form of energy with which we are most familiar. 
We must recall that heat, light, and electricity, are all forms 
of energy. The energy of anything is its capacity for doing 
work. Energy, like matter, may be transformed, but it can 


Fig. 145. Bomb calorimeter used to 
measure the heat value of coal. 





never be created or destroyed. 
This has been called the Law 
oF CONSERVATION OF ENERGY. 
Since energy has no weight, it 
must be measured by some 
effect which it produces. 

246. How we measure heat. 
Experiments show that if one 
pound of hard coal could be 
completely burned, and if all 
the heat generated in this pro- 
cess could be used to heat 
water, the temperature of one 
ton of water would be raised 
about 7° F. Engineers reckon 
the heat value of fuel in units, 
each of which is equal to the 
heat required to raise the tem- 
perature of one pound of water 
one degree Fahrenheit. This 
heat unit is called the British 
thermal unit and is written 
B.t.u. For example, the heat 
value of a pound of coal varies 
from 11,000 to 16,000 B.t.u. 


The heat unit used in Europe and in all physical and chemical 


laboratories is a metric unit called the calorie. 


A calorie is the 


heat required to raise the temperature of one gram of water one 


degree centigrade. 
247. Calorimeter. 


The instrument which is used to deter- 


mine the heat value of a fuel is called a calorimeter (Fig. 145). 
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The apparatus consists of a strong steel cup, or bomb, with a tightly 
fitting screw cap. A sample of coal (about 1 g.) is weighed and placed 
in the little tray inside the steel cup, and a piece of platinum wire is 
connected to the electrodes of the bomb and allowed to dip into the 
coal. Then the cap is screwed into place, and oxygen is forced in 
under considerable pressure. 'The cup is now placed in a can of water 
which is surrounded by air space and more water, and the outside 
container is covered with felt. The apparatus is provided with a 
thermometer reading to 0.001° C. and has a mechanical stirrer. The 
coal is fired by sending an 
electric current through the Water Tubes 

: : Z of Boiler 
platinum wire. The rise of ——" 
temperature is noted. From 
the weight of the water and 
its rise in temperature (after 
making several corrections), 
the heat value of the coal can 
be computed. 
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Fig. 146. Boiler with underfeed automatic 
248. Fuels and smoke. stoker, which gives smokeless combustion. 


Coal, coke, wood, and 

charcoal are common forms of solid fuel. When heated suffi- 
ciently these substances burn, producing carbon monoxide and 
carbon dioxide. This chemical reaction is called exothermic 
because heat is liberated. When 12 grams of carbon (its atomic 
weight) are burned to carbon dioxide, the amount of heat 
generated is 96,480 calories. Since this heat is an important 
result of the reaction we may express it as follows: 


C + O: —> CO: + 96,480 cal. 
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In large furnaces much carbon monoxide and unconsumed 
coal in the form of fine particles may escape if insufficient air 
is supplied or if the furnace is not properly constructed. This 
unconsumed coal is responsible for the smoke which has be- 
come such a serious public nuisance in many of our cities where 
large quantities of soft coal are burned. The smoke involves 
in addition an enormous 
waste of fuel. By properly 
designing the fire box of the 
furnace (Fig. 146) and by 
regulating the supply of fuel 
and air, complete combustion 
will ensue, and no smoke will 
be formed. This is econom- 
ical from the point of view 
of the factory, and is very 
desirable for those who in- 
habit the surrounding coun- 
try. 

249. Petroleum. Petro- 
leum is a very complex 

. mixture of a number of 

Fig. 147. Derricks of oil wells. One compounds of earbon and 

well gushing forth petroleum. 

hydrogen called hydrocar- 

bons. It occurs in large quantities underneath the surface 
of the earth in many parts of the States and to some extent 
in Canada, the district around Petrolia, Ontario, being its 
largest Canadian source. The crude oilis pumped from wells 
(Fig. 147). Some of itis used directly as a fuel and is called 
crude burning oil. The greater portion is sent through long 
pipe lines (Fig. 148) to the seaboard, where it is refined. 
This process of refining consists in distilling the substance 
and then removing certain ill-smelling and tarry materials. 





The distillation is carried out so that different portions which boil 
at different temperatures are collected separately. The low-boiling 
fraction (between 70° and 150° C.) is called gasolene and is used exten- 
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sively for automobiles and gas engines. The next portion (boiling 
between 150° and 300° C.) is called kerosene and is used as a burning 
oil. It will not take fire directly, but if allowed to moisten a wick in a 
suitable lamp will burn with a 

pleasant, luminous flame. ee ee ee aed 


Certain kinds of crude | a eS t 
petroleum yield on distilla- | ee fee 
tion high-boiling oils (lubsi- Soa? 
cating oils) and a solid wax- 
like material, paraffin. Such 
oils are said to have a 
“paraffin base.” Other 
varieties of petroleum do 
not give lubricating oils and 





Fig. 148. Pipe line for transmitting 


paraffin but a thick, black petroleum. 

pitch, which is used in 

roofing and paving (Fig. 149); such oils are called ‘‘ asphaltic.” 
Pennsylvania petroleum has a paraffin base, Mexican and Cali- 
fornian oils are for the most part asphaltic. ‘‘ Liquid petro- 
latum,” or ‘“ Russian oil,” is the high-boiling distillate from 


ce 


still another variety of oils known as the “ naphthene base ”’ 
oils. Russian oil is widely 
used as a laxative in medi- 
cine. 


Of all the products obtained 
from petroleum gasolene is at 
present the most valuable. To 
increase the available supply 
some of the _ higher-boiling 
liquids have been decomposed 

7 into simpler molecules, which 
Fig. 149. Applying tar to roads. constitute - the lower-boiling 
liquids. This process, which 
is called ‘‘ cracking of oils,’’ consists in vaporizing the oils and then 
heating the vapor (about 500° C.) under pressure (about 12 atmos- 
pheres) in an iron apparatus. 
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Oils derived from petroleum are used very extensively as 
fuel. When they burn, carbon dioxide and water are produced. 
They are to a small extent burned with the aid of a wick, as in 
the case of kerosene. For the most part they are blown out 
from a nozzle in the form of a fine spray mixed with air or 
steam. This spray is ig- 
nited and gives a very 
long, hot flame. Loco- 
motives and steamships 
are sometimes fired with 
crude oil. Oil is also 
used as a fuel in a num- 
ber of manufacturing 
processes. 

250. Gaseous fuels. 
At Medicine Hat, in 
Alberta a mixture of 
gases issues from- the 
Generator ¢. Carburetor Superbeatér ground which is called 
Fig. 150. Diagram of a water-gas plant. natural gas. The chief 

constituent of this gas is 
methane (CH,). Natural gas burns with a luminous flame ; it 
is used for lighting and heating purposes in many of our cities, 
and as fuel in many industries. The gas obtained in the de- 
structive distillation of coal is called coal gas. It also contains 
methane and in addition hydrogen, carbon monoxide, and some 
complex compounds of carbon. As it burns with a luminous 
flame it is used for lighting purposes in many cities. Water 
gas isa mixture of hydrogen and carbon monoxide produced by 
passing steam over red-hot coal. The reaction is: 


H,0 + C —> CO + Hz — 26,990 cal. 


It will be noticed that in this reaction heat is absorbed ; 
that is, heat must be supplied to keep it going. Such a reaction 
is called endothermic. 
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The process of making water gas (Fig. 150) is carried out by alter- 
nately allowing a mass of coal to burn in air until it becomes red-hot, 
and then shutting off the air and blowing in steam; the water gas which 
is formed in the second part of the process is collected. When the 
temperature has fallen too low the steam is shut off and air again ad- 
mitted. Since hydrogen and carbon monoxide both burn with nonlu- 
minous flames water gas must be treated before it can be used for 
lighting purposes. This is done by 
adding certain volatile petroleum 
oils. The process is called en- 
riching. 

There is another gas which is 
used in many metallurgical opera- 
tions and as a fuel for gas engines ; 
this is called producer gas. It is 
made by forcing air through a very 
deep coal fire in the generator 
(Fig. 151). The resulting gas mix- 
ture contains all the nitrogen of 
the air, but all of the oxygen has 
combined with carbon to form car- 
bon monoxide. Often a little steam 
is introduced with the air and is 
reduced as in the making of water 
gas. If madein this way producer 


gas is composed mainly of nitrogen, Fig. 151. Diagram of a producer-gas 
carbon monoxide, and hydrogen. plant. 





In the accompanying table the approximate composition of 
these various fuel gases is expressed in percentage by volume. 








Names or Gases ForMULA fee Coan Gas ee cee 
Gas Gas ee 
frvorofen...., ... | Hs 46 32 12 
Methane “.°. ~. ..| CH, 82 34 20 3 
Other hydrocarbons 17 4 17 
Carbon monoxide .| CO 8 26 21 
Carbon dioxide . .| CQO, 3 3 Uf 
muropen  . S| ONG 1 5 Z 57 
100 100 100 100 
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251. The hydrocarbons. The natural oil, petroleum, is 
a mixture of hydrocarbons. There are several hundred of 
these compounds of carbon and hydrogen known, and they 
may be grouped into series according to their composition. 
One group is called the paraffin series, of which only the first 
six are given in the following table : 


HYDROCARBONS OF THE PARAFFIN SERIES 








NAME FORMULA a on a B re ener 
} 

WMathane) (20. bate Se aa eee 16 —160°C 
IDCHATON oS... es Wess eee cee C,H, 30 —93 ° 
PRAGRNO. 2° \. (oa ie. aes ee C;Hs 44 —45 ° 
Butane 6+) sa) Vette Wa poe CH 58 + Fs 
Pontane 16 .i5- est catia C;Hie 7Z Sex 
Hexarei cae rs ee CeHi4 86 akes 











It will be noticed that the series starts with methane, the 
principal component in natural gas, and that the difference 
between each two successive members in 
the list is CH». It will also be noticed 
that the number of hydrogen atoms is 
twice the number of carbon atoms plus 
two. This fact can be expressed in the 
general formula C,Hen,2. The members of 
this series have higher boiling points as the 
molecules become larger; so that the first 
four are gases, the next ten are liquids 
under ordinary conditions, and above that 
Fits. Perle ie they are solids. Members of this series 

gas-jet flame. have been studied at least as far as hexa- 
contane (CgoH)2). 

But even this long succession of compounds does not include 
all the hydrocarbons. Ordinary coal gas owes its luminosity 
to ethylene (C,H,), which is the first member of another series 


Solid carbon present 
Luminous 
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with the general formula C,He,. There is yet another group 
which begins with acetylene (C2H:) and has the general formula 
C,Hon-2. All these hydrocarbons are mutually soluble so that 
mixtures can be made in any proportion. 

252. Gas burners and flames. When gas 
burns in the ordinary fishtail burner, it is 
spread out in a thin sheet by the tip so that 
sufficient air is brought into contact with the 
gas to burn all of the carbon. In the flame 
itself some of the complex carbon compounds 
are broken down into free carbon by the high 
temperature. This free carbon is heated 
white-hot by the combustion which is going 
on, and it is these particles of incandescent 
carbon which give the flame its illuminating 
power. Water gas contains no such carbon 
compounds and must therefore be enriched. 
Figure 152 shows the structure of this type 
of flame. It will be noticed that there are ha aon nee 

ote : s urner and flame. 
several distinct zones. The luminous zone is 
full of particles of white-hot carbon, which on passing to the 
outer zone are completely consumed, forming carbon dioxide ; 
the heat given off in this combustion keeps the flame at the 
necessary temperature. 

In a Bunsen burner (Fig. 153) we admit air into the interior 
of the flame. This cools down the flame so much that the 
temperature is not 
high enough to de- 
compose the com- 
plex carbon com- 
pounds into free 
carbon; the flame 
is therefore nonluminous. The burners on a gas range (Fig. 
154) are modified Bunsen burners, so arranged as to give a large 
number of small blue flames. 








Fig. 154. Burner used on a gas range. 
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In a Welsbach lamp we have a mantle which is made in- 
candescent by the heat of a Bunsen flame (Fig. 155). When 





Fig. 155. Welsbach man- 
tle and Bunsen burner. 


such mantles are used it is not necessary 
to enrich the gas with illuminants. The 
Welsbach mantles are composed of the 
oxides of two rare elements, thorium and 
cerium. By their use with the same 
amount of gas the consumer gets four 
times as much light as with an ordinary 
burner. 

253. Uses of acetylene. Acetylene 
(C,H) is a gas which is produced by the 
action of water on calcium carbide : 

CaC, a 2 HO _ Ca(OH)» a C.He 
It can either be generated as required, or 
can be conveniently dissolved in a liquid 
known as acetone in a tank under pres- 
sure. Acetylene will burn with a very 
luminous flame in an especially con- 


structed burner (Fig. 156) which admits air. 
It is used to a limited extent for illuminating 
purposes. If oxygen is blown through such 
a flame complete combustion of the acety- 
lene takes place and we obtain a very hot 
nonluminous flame. This flame is one of the 
hottest known and is used extensively be- 
cause it will easily melt iron and other metals. 

Acetylene is an endothermic compound, and 
when it decomposes heat is generated, as 
shown in the following equation : 


C,H, —> 2 C + He + 49,300 cal. 





Fig. 156. Acetylene- 
burner tip. 


In the acetylene flame the heat of combustion of the carbon 
and hydrogen is added to this heat of decomposition : 


2 CH: + 5 Os <p 4COs + 2H.O + 603,000 cal. 


Ne 
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With the right mixture of oxygen and acetylene it is possible 
to get a temperature of about 2700° C. The oxyacetylene 
torch, which is very much like the oxyhydrogen blowpipe, cuts 
steel by melting it (Fig. 157). The tip of the flame when 
drawn slowly over the metal melts it at the point of contact 





Fig. 157. Cutting steel with an oxyacetylene torch. 


and so cuts the metal into pieces. It is especially useful in 
dismantling steel structures. 

Pieces of iron and other metals may be joined together by 
heating them until they melt and then allowing the molten 
metal to fuse together. This process is called oxyacetylene 
welding, and is of great importance in the industries. Its most 
general application is in welding thin metal, such as the parts 
of steel railway cars, repairs on railway rolling stock, and the 
cutting up of large masses of steel, as the wrecked frames of 
buildings, bridges, and the like. Strength tests on welds show 
that a weld is about 85 per cent as strong as the same thickness 
of plate. 


254 CARBON, HEAT, AND FUELS 


SUMMARY OF CHAPTER XXII 


CARBON FORMS AN ENORMOUS NUMBER OF COM- 
POUNDS, especially with hydrogen, oxygen, and nitrogen. 

THE THREE ALLOTROPIC FORMS of carbon are diamond, 
graphite, and amorphous carbon. They have different physical 
properties, but all yield carbon dioxide when burned in sufficient 
oxygen. 

CARBON IS INERT at ordinary temperatures but burns at 
high temperatures. It is a reducing agent. It reacts with lime 
to form calcium carbide when heated in an electric furnace. 

USES OF CARBON in different forms are — 

Diamond: gem and abrasive; 

Graphite: lead pencils, lubricant, crucibles, and electrodes ; 

Coal: fuel and in manufacture of illuminating gas and coke; 

Coke: ore reducer, fuel, and in making water gas; 

Lampblack: printer’s ink and paint; 

Boneblack: decolorizing sugar and oils. 

MOST IMPORTANT FUEL IS COAL. Heat is measured in 
calories. A calorie is the heat required to raise one gram of water 
one degree centigrade. Engineers’ heat unit is B. t. u. (British 
thermal unit). 

CHEMICAL REACTIONS which give out heat are called 
exothermic; a few reactions absorb heat and are called endother- 
mic. 

FUELS are substances which burn in air. The reaction is 
strongly exothermic; we carry out this reaction because we waut 
the heat evolved. 

SOLID FUELS are coal, coke, wood, and charcoal. 

PETROLEUM is a mixture of hydrocarbons. Gasolene, kero- 
sene, and crude fuel oil are obtained from petroleum. 

FUEL GASES include natural gas, coal gas, water gas, and 
producer gas. Fuel gases which contain hydrocarbons burn with 
a luminous flame because carbon is set free. 

ACETYLENE is produced from calcium carbide. The oxy- 
acetylene flame is extremely hot and is used for cutting and weld- 
ing metals. 
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QUESTIONS AND PROBLEMS 


1. What is the easiest way to show the presence of carbon in a 
compound ? 

2. What is the most useful form of carbon? Explain. What is 
the most expensive form? Why? 


3. What are the by-products in the coal-gas industry ? 
4. How do we measure the fuel value of coal? 
5. What are characteristics of a good fuel? 


6. Why is crude oil such an excellent fuel for locomotives and 
steamships ? 


7. How would you prove that carbon dioxide and water are formed 
when kerosene burns? 


8. Why is it desirable to remove the sulphur compounds from 
illuminating gas? 
9. Why is producer gas not used for illuminating purposes ? 


10. Which fuel gas is richest in hydrogen? in methane? in carbon 
monoxide? (EKxamine table.) 


11. Why is not the flame used in a gas range smoky? 
12. Why are Welsbach mantles not more generally used? 
13. For what especial purposes is the acetylene lamp adapted ? 


14. How many tons of oxygen are required to burn completely one 
ton of coal which is 90% carbon? 


15. How many tons of carbon dioxide are produced in Problem 14? 

16. How many grams of carbon will be required to reduce 10 g. of 
copper oxide to metallic copper? 

17. Write the equation for the complete combustion of acetylene. 

18. How many liters of air are required to burn 1 liter of acetylene? 


TOPICS FOR FURTHER STUDY 


Fuels. If possible, see in operation furnaces or stoves burning gas, 
oil, and coal mechanically stoked. What are some of the relative 
merits of each fuel? In certain parts of the country only anthracite 
coal is used in the homes; why? The iron blast furnace requires 
anthracite coal or coke as a fuel; the glass industry requires gas or oil. 
Explain. (Cressy’s Discoveries and Inventions, Bird’s Modern Science 
Reader, and Findlay’s Chemistry in the Service of Mankind.) 


CHAPTER XXIII 


THE SIMPLER COMPOUNDS OF CARBON 


Organic compounds — alcohol, preparation and properties 
— alcoholic liquors— industrial aleohol— empirical and strue- 
tural formulas — other aleohols— ether — carbon tetrachloride 
and chloroform — aldehydes —acids — esters — fats — soap — 
other hydrocarbons — coal-tar products and dyes. 


254. Organic and inorganic compounds. The most striking 
characteristic of carbon is its ability to form almost number- 





Fig. 158. Yeast cells as seen under a microscope. 


less compounds in which a whole series of carbon atoms are 
linked to one another. These are called organic compounds; 
compounds of all the other elements are called inorganic com- 
pounds. We can define organic chemistry as that branch of chem~ 
istry which deals with the compounds of carbon. The elements 
which often appear with carbon are hydrogen, oxygen, nitro- 
gen, the halogens, and sulphur; a few other elements sometimes 
are constituents of organic compounds, but they are of minor 


importance. There are over 100,000 known organic com- 
256 
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pounds; in this chapter we shall consider some of the simpler 
and more important of these. 

255. Ordinary alcohol (C:.H,OH). This compound is the 
product obtained from the fermentation of sugars, a chemical 
process brought about by the presence of small living plants, 
of which yeast (Fig. 158) is a common example. The other 
product of the fermentation is carbon dioxide: 


CeH120¢ —> 2 C.H;OH +2 COzt 
sugar alcohol carbon 
dioxide 

Alcohol may be prepared in the laboratory by making a 10 per cent 
solution of sugar or molasses in water, pouring it into the flask shown 
in figure 159, and then 
adding a little yeast which 
has already been dis- 
solved. If this is kept 
for a day at about 30° C. 
the bubbles of carbon di- 
oxide will rise to the sur- 
face and can be led off 
through limewater, as 
shown in the figure. To 
prevent the carbon diox- 
ide of the air from affect- 
ing the limewater, we may 
attach a tube of sodium 
hydroxide sticks. The alcohol is separated from the solution by distil- 
lation. 





Fig. 159. Preparation of alcohol in the laboratory. 


When a mixture of alcohol and water is distilled, the liquid 
begins to boil at about 78° C., which is the boiling point of pure 
alcohol. As the process continues the boiling point rises until 
it reaches 100° C., the boiling point of water. If the distillate 
(what is distilled over) is separated into fractions according to 
the temperature, the first fraction collected contains a large 
percentage of alcohol, while the fractions collected during the 
latter part of the process will be mainly water. On a large 
scale the distillation is carried out in an apparatus having a 
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tall fractionating column (lig. 160) and partial condenser. The 
water vapor is condensed in the fractionating column and par- 
tial condenser and returns to the still; the more volatile aleohol 
passes on until it reaches the total condenser. The distillate 
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Fig. 160. Commercial still with fractionating column. 


is 95 per cent alcohol, and the liquid returning to the still is 
largely water. This process is called fractional distillation and 
is very similar to that used in the distillation of petroleum. 
256. Properties and uses of alcohol. Pure alcohol is a color- 
less liquid boiling at 78° C.; it is inflammable and is used to 
some extent as a fuel. It is an excellent solvent, dissolving 
many substances which are only slightly soluble in water. It 
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is the solvent used in making varnishes for wood and lacquers 
for metal, as well as in the manufacture of celluloid, collodion, 
and artificial silk. It mixes with water in all proportions but 
is not ionized in aqueous solution; it does not interact with 
dilute acids, bases, or salts. 

Commercially alcohol is made from the starch of potatoes 
or grains, such as corn. It is commonly known simply as 
alcohol, but the chemist calls it ethyl alcohol to distinguish it 
from other alcohols, such as methyl, or wood alcohol. 


257. Alcoholic Liquors. Alcoholic beverages are prepared by al- 
lowing different substances to ferment. Wine contains from 8 to 15 
per cent of alcohol and is formed by the fermentation of grape juice. 
Beer contains only about 5 per cent of alcohol and is prepared by 
allowing a mixture of grains and water to ferment under special con- 
ditions. Distilled liquors are made by the fractional distillation of 
fermented liquors like wine or beer. Brandy is distilled wine; whisky 
and gin are essentially distilled beers; they all contain from about 40 
to 50 per cent of alcohol. 


258. Industrial alcohol. The retail price of ordinary 94% alcohol 
is about $27.00 a gallon, of which $14.85 is the tax imposed by the Can- 
adian Government. This tax corresponds to $9.00 a gallon proof spirits. 
(Proof spirits contain 49.3% alcohol by weight.) Since this price would 
prevent the extensive use of alcohol for industrial purposes, the govern- 
ment passed an act enabling manufacturers to make certain articles in 
bond; the alcohol for such purposes being liable to a much smaller duty. 
(For regulations governing the sale of alcohol to manufacturers in bond, 
see circular No. 220, C. Department of Customs and Excise, Ottawa.) 

Alcohol] containing certain poisonous substances, such as wood alcohol, 
nitro-benzene, and pyridine, is sold unrestricted, without the tax. These 
poisonous substances make the use of this alcohol as a beverage impossible. 
Such alcohol is called denatured; it is used for varnish making and many 
other industrial operations. 


259. Formula of ethyl alcohol. The formula of ethyl alcohol 
might be written C.H,O, which tells us that there are 2 carbon 
atoms, 6 hydrogen atoms, and 1 oxygen atom. This is called 
an empirical formula and states the facts derived from the per- 
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centage composition and molecular weight of the substance. 
It would be sufficient for most of the inorganic compounds 
which we have thus far studied. But it is inadequate in organic 
chemistry, for it often happens that there are several compounds 
which have the same empirical formula. For example, there is an- 
other substance, called methyl ether, which also has the formula 
C.H,O but which is a gas having totally different properties 
from ethyl alcohol. The difference between these two sub- 
stances must lie in the way their atoms are joined together. 
We are thus led to inquire how the atoms are linked and to show 
this linkage in our formulas. Accordingly we write them 
graphically as follows : 


a ce 
eal GSD ET 

H H 

ethyl alcohol methyl ether 


Since these formulas show how every atom in the molecule is 
joined to every other one, they are called structural formulas. 
We usually condense such a formula as that of alcohol and 
write it C,.H;OH. 

We cannot here consider how these structural formulas are 
derived; it is enough to say that they rest on a mass of ex- 
perimental evidence. They tell the trained chemist how a 
given substance will probably react, because he knows that 
certain linkages represent certain reactions. It has been found 
that in organic compounds carbon always has the valence 4, 
and this point is useful in remembering and writing structural 
formulas. Although a formula means very little in organic 
chemistry unless it is of the structural type, nevertheless we 
shall sometimes use the empirical formula when the structural 
formula is very complicated. 

260. Other alcohols. Another well-known substance is 
wood alcohol, or methyl alcohol, which has the formula CH;OH. 
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It is prepared, as we have seen, in the destructive distillation 
of wood. It resembles ethyl alcohol in many of its properties 
and is used as a solvent and as an agent for denaturing ethyl 
alcohol since it is very poisonous. 


There are besides these two a great many other substances called 
alcohols. They all react in such a way that we represent them by a 
formula in which a hydroxyl group (OH) is attached to a carbon atom. 
The following table shows the names and formulas of a number of 
alcohols and of the corresponding hydrocarbons of the methane 
series : 


CH,(methane) . . . . . CH;0H (methyl alcohol) 
C.H, (ethane) . . . . . C.H;OH (ethyl alcohol) 
C;H; (propane). . . . . C;H;OH (propyl alcohol) 


We may regard an alcohol as being derived from the hydrocarbons by 
substituting for one or more hydrogen atoms a corresponding number 
of hydroxyl groups. It should be noted that this is a method of 
showing relationship on paper and does not represent a reaction which 
we carry out in the laboratory. Accordingly, in the series it will be 
noticed that each alcohol differs from the one above in that it contains 
one more atom of carbon and two more atoms of hydrogen (CH,). 
Such a series of organic compounds which differ from one another by 
a constant number of carbon and hydrogen atoms is called an homolo- 
gous series. All members of such a series have very much the same 
chemical properties, but their physical properties gradually differ 
as we go up the series. There are a great number of homologous 
series in the different classes of organic compounds. 


261. Ether. When alcohol is treated with sulphuric acid 
under certain conditions, ethyl ether and water are formed. 
Ethyl ether has the structure represented by the formula 
(C,H;)20 and may be regarded as ethyl oxide. The equation 
for its formation is 

2 C.H;OH —_ (CeHs)20 a= H,O 
ethyl alcohol ethyl ether 
It will be noticed that in ether we have two groups of carbon 
and hydrogen atoms (C2H;) joined together by an oxygen atom. 
This is a characteristic linkage of a whole homologous series 
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which are known as ethers. The lowest member of this series 
is methyl ether (CH;0CH;), of which we have already spoken. 
By comparing its formula with that of alcohol we can see that 
the substances are entirely different although they contain 
the same number of carbon, hydrogen, and oxygen atoms. 
Substances which have the same empirical formulas but differ- 
ent structural formulas are called isomers. The number of 
isomers in organic chemistry is very large, and it is because of 
this fact that only structural formulas have any real meaning 
in that subject. 

Ethyl ether, or, as it is usually called, simply ether, is a 
colorless liquid boiling at 35° C. It is prepared on a large 
scale and is used extensively as a solvent and as an anesthetic. 
It produces unconsciousness when inhaled and has been used 
for a number of years in surgical operations. 

262, Carbon tetrachloride and chloroform. Substances 
which are derived from hydrocarbons by the exchange of one 
or more hydrogen atoms for a corresponding number of atoms 
of some other element, or for an equivalent number of radicals, 
are called substitution products. Chlorine forms several sub- 
stitution products of methane. If we replace all four hydrogen 
atoms in methane with chlorine, we obtain a compound called 
carbon tetrachloride (CCl,). As a matter of fact, the reaction 
between chlorine and methane is very hard to control, and pure 
methane is not easy to obtain; therefore carbon tetrachloride 
is actually prepared by another reaction. Carbon disulphide 
(CS,) readily reacts with chlorine, forming sulphur chloride and 
carbon tetrachloride; the two liquids can be separated by 
distillation : 


CS, -}- 3 Cle —_—_> SsCly + CCl, 
carbon chlorine sulphur carbon 
disulphide chloride tetrachloride 
Carbon tetrachloride is a heavy, colorless liquid boiling at 
79°C. and has an odor not unlike that of chloroform. It 
readily dissolves greases, gums, and resins. As a noncom- 
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bustible solvent it finds a wide use in technical operations. 
When mixed with gasolene it is sold as a cleansing fluid under 
various trade names, such as “‘Carbona.”’ It is the main part 
of the fluid used in certain small fire extinguishers 
(Fig. 161). When squirted on the fire it forms a a 
very heavy vapor, which hangs over the burning : 
material, excluding the air and thus extinguishing 
the flames. It is particularly valuable in putting 
out burning oil since such fires cannot be extin- 
guished by water; for oil simply floats on the 
water and continues to burn. 

Carbon tetrachloride can be reduced to a sub- 
stance called chloroform (CHCl,) : 


CCl, + 2 [H] — CHCl + HCl Fig. 161. ‘‘ Py- 


carbon nascent chloroform hydrogen Boney fire 
fcbrachloride hydrogen chloride extinguisher. 


Chloroform can also be prepared by the action of bleaching 
powder on ethyl alcohol. It is a sweet-smelling, volatile liquid, 
which finds certain uses as a solvent and as an anesthetic. It 
is not so safe an anesthetic as ether and is employed only in 
_ special cases. 

263. Aldehydes. Methyl alcohol can be oxidized to form 
a substance called formaldehyde (HCHO) : 


CH,OH + [0] —> HCHO + H.0 


methyl alcohol formaldehyde 


If we write out this formula in full we see that the oxygen 
atom has two bonds linking it to the carbon atom. The group 
H 


—C=O is the characteristic of a whole class of compounds 
known as aldehydes. 

264. Formaldehyde is a gas with a "penetrating odor, which 
causes the eyes to smart. It is used in water solution as a 
disinfectant and an antiseptic. The 40 per cent solution is sold 
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under the name formalin. A solid compound called para- 
formaldehyde, when heated, 


Oe fy 2) breaks down to give the gas. 
C0 This substance is often sold as a 
4, candle (Fig. 162), which can be 


lighted in a room for disinfection. 

os = 265. Acids. Formaldehyde can 
sues be further oxidized to a liquid 
—— called formic acid (HCOOH). The 
Fig. 162. Formaldehyde candle. Structural formula shows a doubly 


linked oxygen atom connected 
with the carbon atom, and also a hydroxyl group; thus: 


as 
formic acid 

This combination (COOH) is called the carboxyl group and is 
characteristic of a class of organic substances known as acids. 
They are obtained by oxidizing the corresponding alcohols. 
There are a number of series of acids; formic acid is the lowest 
member of a series called the fatty acids, the lower members 
of which are liquids and the higher members solids. They are 
all monobasic and form salts on neutralization. Formie acid 
is a fairly strong acid, but the acids become progressively 
weaker as the number of carbon atoms increase. Two of the 
higher acids which are solids, palmitic (CjsHs;COOH) and 
stearic (Cj7H;;COOH), are derived from fats, hence the name 
of the series. 

Acetic acid (CH;COOH) is the most important lower mem- 
ber of this series. It can be prepared in the laboratory by 
oxidizing ethyl alcohol, but it is actually obtained as a by- 
product in the distillation of wood. Vinegar is essentially a 
dilute solution of acetic acid obtained by the oxidation of dilute 
alcohol by bacteria. Since it is a rather weak acid it is used in 
the industries when a weak acid is desired. 


w* 
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Among the other well-known organic acids are tartaric acid, which 
occurs in many fruits such as grapes, and citric acid, which is contained 
in fruits like oranges and lemons. The ordinary household cream of 
tartar, a white solid used in baking powders, is the acid potassium salt 
made from tartaric acid. Oxalic acid is used to remove iron rust and 
ink from white cloth, to clean certain metals, such as copper, and to 
bleach straw hats; it is poisonous. 


266. Esters. Alcohols and organic acids react to form water 
and a substance called an ester. For example, ethyl alcohol 
and acetic acid form an ester called ethyl acetate: 


C:H;0H + CH;COOH =— CH;COOC2H; + H:0 


ethyl alcohol acetic acid ethyl acetate 


The reaction is reversible and usually proceeds to a point where 
about 80 per cent of the material is converted into the ester. 

Ethyl acetate has a pleasant, fruity odor. Many esters 
occur naturally in fruits and flowers and are frequently the 
cause of their taste and smell. They may be prepared arti- 
ficially for flavoring beverages and foods and for making per- 
fumes. 

Esters react with water, as indicated in the reversible reaction 
just given. ‘This process, called hydrolysis, goes on very slowly 
at ordinary temperatures. They are also decomposed by strong 
bases, such as sodium and potassium hydroxide, with the pro- 
duction of alcohols and salts of the organic acids; thus: 


CH;COOC.H; + NaOH —> CH;COONa + C:H;OH 


ethyl acetate sodium acetate ethyl alcohol 


This process is called saponification. 

267. Fats. The most important esters are those which 
occur naturally and are known as fats and oils. The solid 
animal fats are esters of palmitic and stearic acids and an 
alcohol called glycerin (C;H;(OH)s3), which contains three 
hydroxyl groups. These animal fats are really miztures of the 
esters just described. When they are heated with water in 
the presence of certain catalysts, they break down almost 
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completely into free glycerin and the free acid. The glycerin 
is used for a number of purposes, including the manufacture 
of dynamite. The solid, fatty acids are used mainly for mak- 
ing candles and waxes. 





Fig. 163. Kettle used in making soap. 
It contains enough stock to make 10 or 12 carloads of soap. 


268. Soap. If in place of water we use sodium hydroxide 
we obtain glycerin and the sodium salt of the acid, which is 
soap. The following equation represents such a reaction: 


Fat ALKALI Soap GLYCERIN 
(Cy;7Hy;COO);C3H; + 3 NNOH—>3 C,7Hs;COONa + C3H; (OH); 
glyceryl stearate sodium stearate 


It is not expected that the above equation will be memorized, 
but it is given in order to show that the reaction for making 
soap is similar to that for making sodium acetate. Hence the 
appropriateness of the name, saponification. The sodium salts 
are only moderately soluble in water and can be separated from 
the reaction mixture by the addition of common salt. In 
making soft soap, potassium hydroxide is used instead of 
sodium hydroxide. 
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In the commercial manufacture of soap the fat and the alkali are 
heated together in huge kettles (Fig. 163) for several days. The soap 
is salted out and rises to the top of the liquid. The glycerin, which is 
the other product of the reaction, is separated by distillation from 
the liquid containing the spent lye. A great variety of soaps can be 
manufactured, according to the nature of the fat which is used and the 
way in which the process is carried out. 


269. Cleansing power of soap. The following seems to be 
the explanation of the cleansing power of soap and soap solu- 
tions. Soap is a mixture of the sodium salts of very weak 
acids. Consequently when it is dissolved in water the salts 
are almost completely hydrolyzed into free fatty acids and 
sodium hydroxide. These free fatty acids do not, however, 
precipitate out but stay in colloidal solution, probably because 
they combine with some of the undissociated soap. A solution 
of soap is therefore essentially an alkaline colloidal solution, and 
its cleansing action is connected with this fact. It is a more 
or less general property of colloidal solutions that the colloid 
tends to bring other substances into 
colloidal solution and to prevent the 
precipitation of substances from col- 
loidal solution. This is called the 
mutual protection of colloids. When 
oil is shaken with soap solution the 
oi] remains in the solution perma- 
nently suspended in what is essen- 
tially a colloidal solution. In the 
same way particles of dirt are 
‘brought into colloidal solution by 
soap water. Fig. 164. Diagram to show 

270. Other hydrocarbons. We = amounts _ of by-products ob- 
saw in the last chapter that there es eee 
are several series of hydrocarbons 
which contain less hydrogen than the paraffin hydrocarbons; 
as, for example, the ethylene (CH=CH) and the acetylene 





Tar, useful for dyes, 0.36% of Coat. 


Tar 6% of Coal 
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(CH=CH) series. In these substances the carbon atoms are 
joined with a double or triple bond. There is still another 
series of hydrocarbons called aromatic compounds, which are 
obtained as a by-product from the tar in the distillation of 
coal (Fig. 164). In these compounds the carbon atoms are 
joined together in a ring containing double bonds. The most 
important are benzene (C,H,), toluene (CgH;CHs), and naph- 
thalene (CjoHs). All these are the starting points in the man- 
ufacture of the so-called coal-tar dyes, of many important drugs, 
and of certain explosives. Naphthalene itself is used directly 
as moth balls. 

The structural formulas of benzene and toluene are as follows : 


CH; 
CH 
HC’ Non acl Non 
a, wh 


271. Carbolic acid. The hydrogen atoms of benzene and 
of toluene may be replaced by other atoms and groups. Car- 
bolic acid, or, as it is also called, phenol, is a hydroxyl deriva- 
tive of benzene and has the formula CsH;OH. Carbolic acid 
is another substance obtained from coal tar. It is an excellent 
disinfectant and is used extensively for that purpose. Strong 
solutions of it have a corrosive action on the flesh, and it must 
therefore be used with caution. A substance called Bakelite, 
somewhat resembling hard rubber, is made by the interaction 
of formaldehyde and phenol. It is used in the manufacture of 
such articles as phonograph records and for insulation in elec- 
trical machinery. 

A substance closely allied to phenol is pyrogallic acid (CsH;(OH);), a 
reducing agent which is used as ‘‘pyro’’ developer in photography. 
Its alkaline solution absorbs oxygen from the air and so is used to 
determine oxygen in gas analysis. 
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272. Dyes. Dyes are colored compounds which can be 
fixed on fabrics so that they cannot easily be washed off. In 
the past most dyes were obtained from certain plants and trees. 
In the last sixty years an industry has grown up which now 
manufactures many of these same dyes by starting with coal 
tar. A host of new colors have also been developed and put 
on the market at a very reasonable price. These dye-stuffs 
are much too complicated to be considered in this book. They 
are all organic compounds and are made by starting with 
benzene, toluene, or naphthalene and preparing carefully step 
by step a whole series of compounds, until finally one is formed 
which is the required dye. Each step in a new process requires 
long and painstaking work in the laboratory before the best 
way of carrying out the preparation.is discovered. It is then 
performed on a large scale with large apparatus. Hence, while 
it is true that the manufactured dye-stuffs require coal tar as 
the starting point, it must not be thought that the colors are 
already present in the tar and need only be extracted by some 
simple process. The same is true of a number of drugs which 
are sometimes called ‘‘coal-tar products.” 


SUMMARY OF CHAPTER XXIII 


ORGANIC CHEMISTRY is the study of the compounds of 
carbon. 

A STRUCTURAL FORMULA represents the arrangement of 
the atoms composing a molecule. Several compounds may have 
the same empirical formula. These are isomers. 

A HYDROCARBON is composed of carbon and hydrogen only. 
The methane series has the general formula C,Hon2; the ethyl- 
ene series, C,H; the acetylene series, Cr»Hon.; the benzene 
series, C,,Hon-. 

SUBSTITUTION PRODUCTS arse those in which one or more 
hydrogen atoms of a hydrocarbon are replaced by some other 
element or radical. Carbon tetrachloride and chloroform are 
such products. 
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ALCOHOLS may be thought of as being derived from hydro- 
carbons by the substitution of one or more hydroxyl groups for a 
corresponding number of hydrogen atoms. Ethyl alcohol is 
made by the fermentation of sugar. Methyl alcohol is a by-prod- 
uct of the distillation of wood. Denatured alcohol is ethyl alcohol 
to which some poison has been added. 

ETHER is ethyl oxide. It is prepared by the action of sulphuric 
acid on alcohol. 


ALDEHYDES contain the group —C—O. Formaldehyde, the 
commonest aldehyde, is made by oxidizing methyl alcohol. 


H 


ORGANIC ACIDS contain the carboxyl group —-C—O. They 
can be made by oxidizing aldehydes. Formic acid, acetic acid, 
oxalic acid, tartaric acid, and citric acid are familiar organic acids. 

ESTERS are compounds obtained by the interaction of acids 
and alcohols. The reaction is reversible. 

FATS are glycerin esters of palmitic and stearic acid. These 
fats can be hydrolyzed to glycerin and the free fatty acid, both of 
which are useful. 

SOAPS are sodium salts of the higher fatty acids. They are 
formed by the action of sodium hydroxide on fats. 

SOAP SOLUTION is essentially a colloidal solution of a fatty 
acid. It cleans because as a colloidal solution it tends to take 
other substances, like oil and dirt, into colloidal solution and thus 
remove them. 

BENZENE, TOLUENE, AND NAPHTHALENE are three hydro- 
carbons found in coal tar. In them the carbon atoms are joined 
in a ring. They are called aromatic hydrocarbons. They are 
the starting point for the manufacture of so-called coal-tar dyes, 
and many drugs and explosives. 

CARBOLIC ACID, OR PHENOL, is a hydroxyl derivative of 
benzene, also found in coal tar. It is used as an antiseptic and 
in making Bakelite. 


QUESTIONS 


L Why are structural formulas so much used in organie chemistry ? 
2. What is the relation between carbon tetrachloride and methane? 
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3. What is the principal source of the paraffin series of hydro- 
carbons ? 


4. Why is it not economical to make grains into alcohol? 
5. Why is glycerin considered an alcohol? 
6. What group of elements is characteristic of organic acids? 
7. What is the relation between ethyl alcohol and acetic acid? 
8. Why in organic chemistry are esters sometimes compared with 
salts? 
9. Name three organic acids which are found in nature. 

10. To what class of substances does glycerin belong? 

11. What is the difference between benzene and benzine? 

12. Why is alcohol sometimes mixed with water to form a non- 
freezing mixture for the radiator of an automobile? 

13. What valuable by-product is obtained in the manufacture of 
soap? 

14. What two explosives are made from coal tar? 

15. What is the difference between a synthetic dye and a natural 
dye? 

16. What is the catalyst used in fermentation? 


17. Name five organic substances found in the home and describe 
how each was made. 


TOPICS FOR FURTHER STUDY 


Industrial alcohol. How is industrial alcohol made? What laws 
govern its manufacture and sale? Why? In what way is the pro- 
duction of cheap alcohol of benefit to many industries? (Duncan’s 
Chemistry of Commerce and Martin’s Modern Chemistry.) 

The importance of coal tar. What familiar materials are derived 
wholly or in part from coal tar? Why is coal tar often called a by- 
product? How is it refined? What are coal-tar ‘‘ crudes,”’ and why 
are they of vital importance in time of war? Why should the textile 
industries be interested in coal tar and its products? (Slosson’s 
Creative Chemistry, Martin’s Modern Chemistry, and Findlay’s 
Chemistry in the Service of Mankind.) 


CHAPTER XXIV 


LIFE AND ORGANIC COMPOUNDS 


The carbohydrates: sugar, glucose, starch, cellulose — fab- 
rics and paper — nitrocellulose. 

Fats and oils — drying oils — edible oils — hydrogena- 
tion of oils. 

Foods — kinds and uses — food values and composition — 
necessary quantity — accessory factors. 


273. Carbon compounds and. living matter. It was orig- 
inally thought that in some peculiar way organic compounds 
were different from inorganic compounds. Before the middle 
of the last century all organic compounds had been obtained 
directly or indirectly from living matter, and it was believed 
that a ‘ vital force ’’ was essential for their production. This 
view was shattered by the synthesis of several simple organic 
compounds from inorganic material. Since then a great many 
complicated organic substances of all classes have been syn- 
thesized from such purely inorganic matter as coal, calcium 
oxide, and water. We now know that there is no essential 
difference between organic and inorganic compounds. 

In this chapter we shall consider a few of the rather complex 
substances which are the principal products of animal and 
plant life. These compounds are put to a number of uses and 
are essential foods for man and beast. We shall not be able 
to do more than outline the process of formation of these com- 
pounds in plants and animals and shall only touch on their 
transformation during the life process. The branch of chem- 
istry which deals with these matters is every day becoming 
more important but is obviously too complicated to be con- 
sidered here. It is called biological chemistry. 

272 
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274. Composition. Sugar, starch, cotton fiber, and wood 
fiber are all common substances of great importance. These 
materials and a great 
many others which 
are products of plant 
life belong to a class 
of carbon compounds 
called carbohydrates. 
The carbohydrates 
all contain carbon, 
hydrogen, and oxy- 
gen. The last two elements are always present in the same pio- 
portion as in water ; hence one might imagine from the empirical 
formula that the substance were composed of carbon and a 
certain amount of water. This, of course, is not the structure 
of the compounds, but it has given rise to the name carbo- 
hydrates. We shall con- 
sider a few important car- 
bohydrates. 





Fig. 165. Sugar beet as grown in California. 


275. Ordinary sugar 
(C,;2H220,,). The substance 
commonly called sugar is 
obtained mainly from the 
sugar cane and the sugar 
beet (Fig. 165), although it 
"| also occurs in tle sugar 
ae efi <4 maple and in honey. 
Copyright by Underwood & Underwood. 

Fig. 166. Sugar cane being crushed The juices of the sugar cane 
between rollers. are extracted by crushing the 

stalks between rollers. (Fig. 

166) and evaporating the liquid thus obtained in vacuum pans. In 
this way the solution boils at a low temperature (about 65° C.), and 
the decomposition of a part of the sugar is prevented. When the 
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sirup cools the sugar crystallizes, and the crystals are separated from 
the liquid by centrifugal machines.. This gives brown sugar, which 
is usually refined by being dissolved in water and passed in solution 
through boneblack. The purified sirup is again concentrated in vac- 
uum pans (Fig. 167) and erystallized out. Sugar is extracted from 
the sugar beet in much the same way, and the product is identical with 
the cane sugar. : 





Fig. 167. Vacuum pans used to evaporate the sugar juice. 


Since there are a great many different kinds of sugar we 
speak of ordinary sugar as cane sugar, or sucrose. When 
cane sugar is boiled with water and a little acid to act as a 
vatalyst, it forms two simpler isomeric sugars, glucose and 
fructose; this case of hydrolysis is often called inversion: 

CyoH»2On + H2O —> CeHi2O6 + CoH20¢ 

cane sugar glucose fructose 
Both of these sugars have a sweet taste, but not so sweet as 
cane sugar, and they crystallize with difficulty. Thus a solution 
of cane sugar when boiled with the addition of a little acid or 
similar substance is converted into a sticky mass which will not 
crystallize, a fact which is taken advantage of in making 
different kinds of candy 


GLUCOSE, OR GRAPE SUGAR Bia 


276. Glucose, or grape sugar (C,H1.0,). This sugar occurs 
in many fruits and is often called grape sugar because of its 
presence in grape juice. It can be prepared from cane sugar 
or starch. The molecule of cane sugar is composed of a mole- 
cule of glucose and one of fructose joined together with the 
loss of water, in much the same way as an ester is formed from 
a molecule of alcohol and one of acid (§ 266). So too a mole- 
cule of starch is probably made up of a great many molecules 
of glucose and similar sugars linked together. When starch 
is boiled with very dilute acid it is broken down into glucose. 


Let us boil a little starch with water into which have been put a few 
drops of hydrochloric acid to act as catalyst. Then we add enough 
sodium carbonate to neutralize the acid. The liquid is found to be 
sweet in taste because of glucose. We can test for glucose by adding 
Fehling’s solution, which gives a red precipitate of cuprous oxide (Cu2O) 
on heating. Fehling’s solution contains copper sulphate, potassium hydrox-. 
ide, and sodium potassium tartrate. 


To understand the change of starch into glucose we must note 
that starch has such a large molecule that we do not even try 
to write an exact empirical formula for it. It is sometimes 
written as (CsH 05), since we do not know its molecular weight. 
This merely shows the relative number of atoms in the molecule 
without giving their total number. In this reaction the water 
decomposes the large molecules and combines with the material : 


(CgHOs), + x HO — > Ir C.Hi20¢ 


starch glucose 


We have here an example of hydrolysis. 

This method is used commercially on a large scale for preparing 
glucose. The material is usually sold as a thick sirup under 
the name of glucose, or corn sirup, or as a mass of crystals. 
Glucose is used very extensively in the manufacture of jams, 
jellies, candies, and sirups. It is much cheaper than cane 
sugar and although not quite so sweet can be used in place 
of the crystalline sugar for most purposes. 
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277. Starch (CgH,,O;). Starch is the most abundant of 
the carbohydrates. It is contained in large quantities in all 
grains and in potatoes. Starch is built up by plants from water 
and carbon dioxide under the influence of the energy from the 
sun. This is done in the plant through the agency of the green 
coloring material in the leaves, which is called chlorophyll. 
We do not know just how this remarkable synthesis takes 
place ; it has been impossible to duplicate it in the laboratory. 
The sugars which occur in the sugar cane, the sugar maple, 
etc., are probably formed either by a similar synthesis, or else 





Potato 


Fig. 168. Starch grains, greatly magnified. 


by the decomposition of some starch already formed by the 
plant. 

Starch is usually obtained for commercial purposes from the potato 
or from corn. It is present in vegetable material as small granules, 
which are often incased in fibrous material. The cellular structure 
of the vegetable is broken up by grinding; the particles of starch are 
then washed away by a stream of water and collected. Starch is in- 
soluble in cold water but goes into solution in hot water, forming a 
colloidal solution. These colloidal solutions are used in the laundry 
for stiffening purposes. 


The minute granules of starch differ somewhat in appearance 
(Fig. 168) according to the source of the starch. It is possible 
with a microscope to determine from what plant any particular 
sample of starch was obtained. Since it is the main constitu- 
ent of potatoes and all the grains, it enters very largely into 
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the food of man. These starchy foods are made more digestible 
by cooking because in that process the starch granules burst. 
But before starch can be assimilated in the human body it must 
be converted into the simpler sugars by the action of the diges- 
tive juices. 

The alcoholic fermentation of grain, of which we spoke in the 
last chapter, starts with starch. The starch is changed into 
sugar by the action of water in the presence of a catalyst 
which occurs in sprouting barley. Catalysts found in living 
material are called enzymes. It is usual to bring the grain 
or other source of starch into contact with some sprouted 
barley. By the action of the enzyme the starch is thus con- 
verted into a sugar. Yeast is then added, and the alcoholic 
fermentation of the sugar takes place. 

278. Cellulose ((CsHiO;),). Cellulose is the principal 
material in the woody fiber of plants. Linen, cotton, hemp, 
and flax are chiefly cellulose. Absorbent cotton and the ordi- 
nary filter paper used in the laboratory are almost pure cellulose. 
This substance is another carbohydrate and has the same 
chemical composition as starch. We know nothing about 
the size of its molecules, but it is evidently more complicated 
than starch; so we write it as (CsHiOs),. It is insoluble in 
water and most other solvents. When boiled with acids it is 
hydrolyzed into simple sugars like glucose. 

279. Fabrics and paper. Vegetable fabrics like cotton, 
linen, and jute are composed of cellulose. The particular 
form in which this cellulose has been produced by the plant 
determines the nature of the thread and fabric. Paper is 
largely made from the cellulose obtained from wood, although 
the finer grades are manufactured out of linen and cotton 
rags. 


Wood is composed of a rather impure form of cellulose, but in the 
manufacture of paper some of these impurities, which are colored 
resinous materials, are removed after the wood has been reduced to a 
pulp. When this wood pulp is rolled out into thin sheets and dried 
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(Fig. 169), we have a porous paper, such as filter paper, which is fairly 
pure cellulose. In order to make a paper that is suitable for writing 
and printing, the pulp is mixed with a number of inorganic solids such 
as clay and chalk; these substances are called fillers and lend rigidity 
and body to the paper. Most papers are given a smooth coating by 
treating them with some substance like casein (from milk), which ean 
be ironed into the hard surface necessary for writing and printing. 


‘ ? 


Cheap paper is made from so-called “ mechanical pulp.’ 
This is wood which has merely been ground to a pulp by a 


a |S ee 


P - 
Pn “ 





Copyright by Underwood & Underwood. 
Fig. 169. Paper-making machine. 


sort of grindstone. Such paper contains most of the original — 
impurities of the wood and soon turns yellow and becomes 
brittle. Better grades of paper are made from pulp which 
has been purified by treatment with sodium hydroxide, bleach- 
ing powder, or sodium sulphite. These chemicals remove the 
impurities from the cellulose. 

Paper made from mechanical pulp gives a yellow color when treated 
with a water solution of aniline (a benzene derivative, CsH;NHz:). 
Newspapers and wrapping papers will give this test; writing paper 
usually will not. 
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The animal fabrics, silk and wool, are not carbohydrates. 
They are complex nitrogen compounds. The essential differ- 
ence between the appearance of silk and cotton is, however, 
due to the mechanical structure of the fiber and not to its 
chemical constitution. Figure 170 shows the difference be- 
tween these fiber structures. A thread of silk is one continuous, 
long tube, which causes the well-known appearance of silk 
material. Cellulose can be converted into a long fiber which 





Cotton 
Fig. 170. Three textile fibers, greatly magnified. 


somewhat resembles that of silk. This is done by dissolving 
it in certain solvents and then squirting the solution through 
a very fine hole into a second solution which immediately causes 
the cellulose to be reprecipitated in the form of a fine, long, 
continuous thread. When these threads are woven into a 
fabric, the product closely resembles pure silk and is called 
artificial silk. The material is, however, still cellulose. 

Mercerized cotton is made by treating cotton cloth under 
tension with sodium hydroxide. After washing and drying, 
the cloth has a somewhat silky appearance and is stronger 
than ordinary cotton cloth. 

280. Nitrocellulose. When cellulose is treated with a mix- 
ture of sulphuric and nitric acids, it forms an ester of cellulose 
and nitric acid. This action probably takes place because of a 
certain number of hydroxyl groups which are present in the 
cellulose molecule. According to the concentration of the acid 
and the way in which the reaction is carried out, a varying 
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amount of nitric acid can be made to react with the cellulose. 
The products are called nitrocellulose. 


Nitrocellulose which contains relatively little nitrogen (called the 
lower nitrates) is used in the preparation of smokeless powder ($236). 
Collodion is a solution of the lower nitrates in a mixture of aleohol and 
éther. When these solvents evaporate, they leave a thin film of material, 
which is used for ecating photographie plates and for similar purposes. 
Collodion is often sold under the trade name of “ new-skin”’ or 
“liquid court-plaster.”’ Celluloid is made by heating a mixture of 
camphor. and nitrocellulose. It is consequently very inflammable 
and ignites with almost explosive violence. The higher nitrates are 
called guncotton and are used as the explosive in torpedoes. 


Fats AND OILS 


281. Fats and oils are esters. Both plants and animals 
form a number of substances which are classed as fats and oils. 
The plant products are usually liquids and are called oils; for 
example, olive oil and cottonseed oil. Similar substances which 
are made in the animal body from the vegetable oils which it 
consumes are semi-solids and are called fats, such as butter 
and lard. These substances are all esters of organic acids and 
glycerin. For example, stearin is the principal fat in tallow; 
it has the formula C;H5(CigH3;O2)3. It is derived from glycerin 
(C3H;(OH)s) and stearic acid (C\7H3;COOH). . 

282. Drying oils. One common use of the vegetable oils 
appears in the manufacture of paints and varnishes. Most 
important for this purpose is linseed oil, which is obtained 
by squeezing the oil from certain seeds. The acids of which 
linseed oil is the ester contain less hydrogen than the cor- 
responding fatty acids. If we should write out their for- 
mula we should find that, like ethylene, they contain carbon 
atoms linked together by double bonds. Compounds of this 
sort which are deficient in hydrogen are called unsaturated 
compounds. In linseed oil these unsaturated esters have the 
property of combining with the oxygen of the air. This process 
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of oxidation results in the formation of a very tough, impervious, 
but transparent substance. It takes place when we spread a 
thin coat of linseed oil on a piece of wood and leave it for a few 
days. We speak of it as drying, but the process is really not 
drying in the usual sense of the word but oxidation. Paints 
are suspensions of colored materials in linseed oil; when this 
mixture is exposed to the air, the oil is oxidized to a thin, hard 
coating which is colored by the suspended materiais called 
pigments. Certain oxides, like red lead (Pb30,), facilitate the 
oxidation of the oil and are often mixed with the paint in order 
to cause it to oxidize more quickly. Such substances are spoken 
of as dryers. 

283. Edible oils. Fats and oils are used extensively as 
foods. For a great many culinary purposes it is necessary to 
have a solid fat; hence the animal fats are used in cooking 
to the almost complete exclusion of the vegetable oils. The 
only difference between these compounds is a few hydrogen 
atoms more or less. Recently a process has been devised by 
which these hydrogen atoms can be added artificially. The 
vegetable oil is heated and mixed with a certain catalyst, 
usually finely divided nickel. Hydrogen gas is then blown 
through the mixture and under the influence of the catalyst 
is absorbed by the unsaturated oil, thus producing the ester 
of a fatty acid with a much higher melting point. The nickel 
is filtered off while the mixture is still hot. On cooling, the 
mass sets to a solid which in every way resembles an animal 
fat. This process is called the hydrogenation of oils. 

Olive oil consists mainly of olein (C3Hs(CisH3302)3) and palmatin 
(C3Hs(Ci6H3,0.);) ; lard is prepared from the fat of the hog and contains 
stearin in addition to palmatin and olein. Beef tallow is a solid fat 
which is mainly stearin. These materials have become so expensive 
that various mixtures of beef fat and cottonseed oil are now used in 
cooking under such names as Cottolene. It is further possible by 
hydrogenation to convert cottonseed oil into a hard solid, which is sold 


as Crisco and other lard substitutes. Fish oils can be converted into 
oils suitable for making soaps. 
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284. Uses of different kinds of foods. The food we eat 
serves three distinct purposes : 


(1) To build up new parts and replace worn-out ones ; 
(2) To keep the body at the required temperature ; 
(3) To supply the energy which enables us to work. 


It is convenient to divide our foods into four classes accord- 
ing to their composition and the purposes they serve. The 
carbohydrates, such as starch and sugar, furnish both heat 
and body energy and also 
assist in building fats in the 
body. The fats—for ex- 
ample, butter, meat fat, and 
olive oil—produce both 
heat and energy. To some 
extent they form layers of 
protective tissue which may 
serve as a reserve food sup- 
ply. The proteins, which 
are chemically very com- 
plex cubstances, are foods 
rich in nitrogen; for in- 
stance, lean meat and the 
white of eggs. These re- 
place the worn-out muscle 
Fic. 171. Emr Fiscurr (1852-1919). tissue. The proteins have 
Brilliant organic chemist, who added much recently been carefully 

ee of the carbohydrates studied by the German 

.chemist, Fischer (Fig. 171). 
Finally, various mineral compounds are needed in the body to 
serve a great variety of uses. The quantities of iron, chlorine, 
sulphur, phosphorus, calcium, magnesium, sodium, and potas- 
sium which are required are extremely small. These substances 
are usually supplied in common salt, meat, fruit, and vegetables. 
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285. Value of food. Many articles of food contain com- 
pounds which represent all four classes of food substances, 
but the proportion of carbohydrates, fats, and proteins in them 
varies greatly (Fig. 172). Milk probably contains all of these 
food substances in about the proportion in which they are 
needed in the body. The composition of cow’s milk averages 
approximately as follows: 


Water S85. Batra ee ae ae. Oho 


Casein (nitrogenous matter) . . . . ... 386% 
RR ee kao eS nana il wie, Kaebabe, ei. tia Sq 
Weseiiare gnc SUSAP). 8 6-5 mus nd at, 0 « 49% 
Reumroeoraaiore =. 82) Pe ee Ee he ge Qe % 


It is the casein which is used in the manufacture of cheese. When 
milk sours the lactose changes by fermentation to lactic acid. This 
change is brought about by certain bacteria. 


Since foods act partly as fuels to supply the necessary heat 
and energy, we may determine their heat value very much as 
we determine the heat value of coal. The following table 
taken from Sherman’s “ Chemistry of Food and Nutrition” 
shows the percentage composition and fuel value in Calories * 
per pound of the edible portion of a few common foods. 


WATER cea ni Fat |Proremn| As# be 
pees... S| 84.6 14.2 0.5 0.4 0.3 285 
MPG Eg: ese ioete te bee QOLS 64.8 9.9 5.1 2840 
Panag LNT Tbe 22.0 0.6 1.3 0.8 447 
Beans, dried . . .| 12.6 59.6 2.9 228 3.5 1565 
Beef, round steak .| 73.8 7.9 Dank bed 694 
Bread, white . . .|- 35.3 5oaL ie 9.2 ial 1199 
ere os See a ot 85.0 1.0 3.0 3491 
Corn, green . . .| 75%, 19.7 1.1 3.1 0.7 455 
REPS ete Ss sb reek 10.5 14.8 1.0 672 
Oatmeal ..... lees 67.5 ie 16.1 1.9 1811 
Potatoes .. .. .... «i| 78.3 18.4 0.1 2,9 1.0 374 
Tomatoes . °°": .|- 94.3 3.9 0.4 0.9 0.5 104 


* The Calorie used here is the large Calorie, which is the amount of heat re- 
quired to raise the temperature of 1 kilogram of water 1° C. 
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U. S. Department of Agriculture Prepared by C. F. Langworthy 


eS= ii 


Water Carbohydrates i , Ash 


WHOLE EGG 
WHOLE MILK 


Carbohydrates: 5.0 


FUEL VALUE: FUEL VALUE: 


$15 calories per pound 695 calories per pound 


WHITE BREAD 
OATMEAL 
COOKED 
Water: 84.5 


Fat: 0.5 
Carbohydrates: 11.5 


FUEL VALUE: [ | 280 calories per pound 


BEEFSTEAK 
EDIBLE PORTION 


Wael ania 


Vat: 18.5 
Ash; 1.0 


» haeamy | 


FUEL VALUE: 


FUEL VALUE: ae 1090 calories per pound 
575 calories per pound 





Fig. 172. Diagram to show the proportion of carbohydrates, fats, proteins, and 
water in some common articles of food. 
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286. How much food do we need? In recent years an im- 
mense amount of experimental study has been devoted to this 
subject, and the authorities do not altogether agree in their re- 
sults. In general, however, it is considered that the total energy 
value of an adult diet should be not less than 3000 Calories a 
day. It is evident, of course, that this value will depend some- 
what on the nature of the work which one is doing. Then, too, 
there are many other factors which affect the process of diges- 
tion but which are difficult to measure, such as the appetizing 
character of the food and the nervous condition of the person. 

The amount of protein required for building up and replac- 
ing the worn-out parts of the body is probably a great deal 
less than that consumed in our usual diet; the balance of the 
protein food which we eat is merely consumed as fuel. It 
must not be thought that the proteins alone supply the material 
for replacement and growth. Both fats and carbohydrates 
are also concerned in this process although their chief use is to 
supply energy. It would seem as if 75 grams (about 3 ounces) 
of protein per day were sufficient for the average adult; this 
is much less than most of us eat. 

287. Accessory factors. In addition to the foods that we 
have considered, the animal system must also have an adequate 
supply of water and inorganic salts, which are obtained with- 
out difficulty in the food. Recently a great deal of interesting 
evidence has been accumulated showing that very minute 
amounts of certain compounds seem also to be essential to 
the growth and healthy condition of animals. These sub- 
stances have been called accessory factors in the diet; they 
have not yet been definitely identified or isolated, although in 
certain cases they are nitrogen compounds which have been 
called ‘‘ vitamines.’”’ They appear to be substances analogous 
to catalysts. Certain diseases, such as beri-beri and scurvy, 
have been shown to be due to their absence in the diet. In 
general, it can be said that a widely distributed diet will insure 
a sufficient supply of these accessory factors. 
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Because of the extreme complexity of the reactions which 
go on in the body, the whole problem of nutrition is a very 
difficult one. The heat values of foods, such as those shown 
in the table, are of some help in determining the proper diet; 
but one must obviously be very careful in drawing any con- 
clusions from such inadequate data. These energy values do 
not take into account the protein requirement, the digestibility 
of the food stuff, or the need‘and importance of accessory factors. 


SUMMARY OF CHAPTER XXIV 


NO ESSENTIAL DIFFERENCE exists between organic and 
inorganic compounds. Many organic compounds may be pre- 
pared in the laboratory from inorganic material. 


CARBOHYDRATES are compounds which contain carbon 
combined with hydrogen and oxygen in the proportion in which 
they occur in water. Sugar, starch, and cellulose are important 
carbohydrates. 


ORDINARY SUGAR is made from sugar cane or sugar beet. 
On being boiled with water in the presence of an acid it is 
hydrolyzed into glucose and fructose. 


STARCH is obtained commercially from corn or potatoes. 
Starch may be broken down into glucose by dilute acids, or by an 
enzyme in sprouting barley. This change is brought about before 
the alcoholic fermentation of grains and starch. 


CELLULOSE is a carbohydrate which constitutes the fibrous 
material of plants. Cotton, linen, and paper are mainly cellulose, 
but wool and silk are not. 


NITROCELLULOSE is made by the action of nitric acid on 
cellulose. It is the basis for smokeless powder, collodion, and 
celluloid. 


FATS AND OILS are the glycerin esters of organic acids. 
Drying oils are oxidized in drying. Vegetable oils differ from 
animal fats by only a few hydrogen atoms, which can be added 
artificially by means of a catalyst. 
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FOODS serve (1) as fuel to supply energy for doing work, (2) 
as fuel to keep the body warm, and (3) to furnish menial to repair 
worn-out and growing parts. 

FOUR CLASSES OF FOODS are fats, carbohydrates, pro- 
teins, and mineral compounds. Fats and carbohydrates furnish 
primarily the necessary energy. Proteins (nitrogen compounds) 
are essential to growing organisms and are necessary for replacing 
wear and tear. 

THE AVERAGE ADULT needs food which will furnish about 
3000 Calories per day and which contains about 75 grams of pro- 
tein, besides small but indispensable amounts of mineral com- 
pounds. 

CERTAIN MINUTE AMOUNTS of substances have been 
found to be essential in the diet. These substances are called 
accessory factors. 


QUESTIONS 
1. How does a hydrocarbon differ in composition from a carbo- 
hydrate? 
2. Why are vacuum pans used in concentrating sugar solutions? 


3. How could you prove that a piece of filter paper contained - 
carbon? 


4. How would you test for the presence of grape sugar? 
5. Describe the steps in the process of making alcohol from potatoes. 


6. In preparing starch from corn, why is cold water used instead of 
hot? 


7. What is the difference between sucrose and glucose? between 
collodion and celluloid? 


8. What chemical process takes place when the paint dries on the 
side of a house? 


9. What is the distinction between a fat and an oil? 


10. What is the difference between oils made from petroleum and 
vegetable oils? 


11. What is the danger in putting formalin into milk as a preserv- 
ative? 


12. Why should oatmeal be thoroughly cooked ? 
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13. What difference should be made between summer and winter 
diets ? 

14. What difference should be made between the diet of a bank 
clerk and that of a blacksmith? 

15. Name three articles of food which are rich in carbohydrates, in 
fats, in proteins. 

16. Why is an abundant supply of pure water necessary for the 
digestion and assimilation of our food? 


REVIEW QUESTIONS 


1. Describe three allotropie forms of carbon. State how they are 
obtained. Give the uses to which they are put. 

2. What is soap? How isit made? What is the difference between 
hard and soft soap? 

3. How is ethyl alcohol prepared commercially? What agent effects 
the production of ethyl alcohol in this process? 

4. How may nitric acid be made? Write the equation. State the 
properties of nitric acid. 

5. (a) Outline one method of making concentrated sulphuric acid. 

(b) Show how the properties of this product differ from those 

of dilute sulphuric acid. 

6. Explain how the human body obtains energy from the sun. 


Topics FOR FURTHER STUDY 


Sugar. Has sugar always been an essential part of man’s food? 
How is sugar obtained from the sugar cane and sugar beet? What is 
molasses? What familiar articles of food contain large amounts of 
glucose? How is it made, and is it a desirable food? Is saccharin a 
sugar? (Slosson’s Creative Chemistry and Martin’s Modern 
Wonders. ) 

Essential materials from wood and cotton. What is the chief con- 
stituent of wood fiber and cotton? What are some of the important 
things into which it can be converted? In what way has the printing 
press helped to deplete our forests? What is the chemical relation- 
ship of artificial silk, smokeless powder, ‘‘ new skin,” writing paper, 
and a photographic film? How is each made? (Slosson’s Creative 
Chemistry and Duncan’s Chemistry of Commerce.) 


CHAPTER XXV 


SODIUM AND POTASSIUM COMPOUNDS 


_ Alkali metals — sodium chloride — hydroxide, prepara- 
tion, properties, and uses — sodium carbonate, manufacture 
by Leblane and Solvay processes — the two carbonates of 
soda, properties and uses — hydrolysis — other sodium com- 
pounds. 

Potassium compounds — source and use as fertilizers — 
preparation of saltpeter — deliquescence. Metallic sodium 
and potassium — sodium peroxide — comparison with ammo- 
nium salts — flame tests — spectroscope. 


288. General characteristics. The compounds of sodium 
and potassium are so much alike that they can conveniently 
be considered in the same chapter. The elements sodium and 
potassium are both metals with a valence of one, and form 
positive monovalent ions. They are not found in a free state ° 
in nature. All of their simpler compounds are soluble in 
water. Both metals,form strong bases with water, and both 
form many useful compounds, which occur abundantly. 

289. Sodium chloride, or common salt (NaCl). This sub- 
stance occurs as large beds of rock salt, which are found mainly 
in the United States, Austria, and Germany. It also forms the 
major part of the dissolved material in sea water and in certain 
inland lakes, like Great Salt Lake and the Dead Sea. Salt for 
commercial purposes is obtained by mining rock salt and by 
the evaporation of sea water or the brine which is obtained from 
salt wells located near salt deposits. In certain places, such as 
on some of the shores of San Francisco Bay (Fig. 173), the sea 
water is run into shallow basins and is evaporated by the heat 


of the sun. In other places, as in Russia, the water is frozen 
289 
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out of the solution. But usually the solution is evaporated by 
heat under reduced pressure. The pure salt crystallizes out 
first and can, if necessary, be collected and recrystallized for 
further purification. 

Sodium chloride is the source of all sodium compounds and 
is consequently of great importance to many industries (see 
Industrial Chart, page 199). A small quantity of salt is es- 
sential in the food of both man and beast; large amounts are 
used in preserving meat and fish and in making ice-cream. 
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Fig. 173. Gathering salt from San Francisco Bay with the aid of a tractor. 


When it is to be used for industrial purposes, it is generally 
sold in the form of rock salt, which is made by crushing to a 
uniform size the lumps as mined. For cooking purposes and 
for the table it is sold as a fine crystalline powder. It is gen- 
erally contaminated with a small quan@ity of calcium and mag- 
nesium chlorides, which readily absorb moisture from the air 
and cause the salt to stick together in lumps. Chemically pure 
salt, from which these impurities have been removed, does not 
absorb water from the air. 

290. Sodium hydroxide, or caustic soda (NaOH). We have 
already seen (§ 31) that when metallic sodium reacts with 
water hydrogen is evolved and a substance called sodium 
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hydroxide is left in solution. Commercially it is prepared by 
one of two methods. 


The electrolytic method consists in passing an electric current 
through a solution of sodium chloride. Sodium chloride in aqueous 
solution is ionized, as we know, into sodium (Na*) and chlorine (Cl-) 
ions. ‘Therefore we find that the chlorine ions moye toward the anode 
and are discharged with the liberation of free chlorine; and that the 
sodium ions move with the current toward the cathode and are there 
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Fig. 174. Electrolytic cell for decomposing salt. 


discharged, forming metallic sodium. But this in turn reacts with the 
water of the solution and forms sodium hydroxide with the liberation 
of free hydrogen. These reactions can be expressed as follows: 


NaCl —> Na* + Cl- (in solution) 
At cathode 2 Na+ —»> 2 Na At anode 2 Cl- —> Cl, 
2Na +2 H,O —> 2 NaOH + H, 


If this process is carried out in one vessel the sodium hydroxide 
gradually diffuses back to the other electrode and reacts with the 
chlorine to form products which are not desired. Several different 
devices have been invented to obviate this difficulty. Perhaps the 
simplest of these involves the separation of the two electrodes by means 
of porous asbestos, as shown in figure 174. The carbon rods act as 
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anodes and the perforated steel diaphragm as the cathode. A concen- 
trated solution of salt is fed in near the positive electrode, and the so- 
dium hydroxide solution, which is formed near the other electrode, is 
continually drawn off. The solution of sodium hydroxide is then 
evaporated at a high temperature and leaves sodium hydroxide in a 
molten condition. This can be cast into any desired shape. 

In some factories (Fig. 175), such as paper mills, both bleaching 
powder and caustic’soda are employed, and so immediate use can be 





"Fig. 175. Room containing several hundred cells, each of which is decomposing 
brine. 


made of all the products of this electrolysis of sodium chloride except 
the hydrogen. The chlorine produced at the anode is passed directly 
into calcium hydroxide to form “ bleach.” 

In the lime process sodium carbonate is treated with slaked lime; 
insoluble calcium carbonate and sodium hydroxide are formed : 


Na,CO; + Ca(OH), ——» CaCO; | +2 NaOH 
The calcium carbonate is filtered off and the solution evaporated as before. 


291. Properties and uses of sodium hydroxide. This sub- 
stance is a white solid, which for laboratory purposes is ordi- 
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narily sold in slender sticks, but for industrial uses as a solid 
mass in iron drums. It rapidly absorbs water and carbon 
dioxide from the air. When dissolved in water it is almost 
completely ionized and is therefore a strong base. Its solutions 
are used whenever hydroxy] ions are needed in the laboratory. 

Concentrated solutions of sodium hydroxide and the mois- 
tened solid itself are very corrosive, hence the name caustic 
soda. It will quickly disintegrate most vegetable and animal 
material. In the household it is valuable for cleansing pur- 
poses because it reacts with and dissolves grease; it is sold in 
tin cans under the name lye. Sodium hydroxide is a very 
important substance in the industries; it is used in the manu- 
facture of soap, in the refining of petroleum, and in the prepara- 
tion of coal-tar products. (See Industrial Chart on page 199). 

292. The manufacture of sodium carbonate (Na2CO;). For- 
merly this substance was obtained from the ashes of sea plants 
and was called soda ash. In recent times the need for it has 
become so great that two methods have been devised for mak- 
ing it directly from salt. 


The Leblanc process is the older and is still used in Europe. In this 
method sodium chloride and sulphuric acid react to produce hydro- 
chloric acid and sodium sulphate (also called Glauber’s salt): 


2 NaCl + H,SO, —> Na,SO, + 2 HCI f 


The sodium sulphate is then reduced to the sulphide by heating with 
carbon: 


Na.SO, +4C— NaS +4CO ‘ 


The sodium sulphide is now treated in water solution with calcium 
carbonate, and the following reaction takes piace: 


Nas + CaCO; —> CaS J -- NazCO; 


The calcium sulphide (CaS) is relatively insoluble, and so the very 
soluble sodium carbonate can be dissolved away from it. In practice 
the process is shortened to two steps, the sodium sulphate being mixed 
with both coke and limestone. The last two reactions then go on 
together. 
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The principal by-product obtained is hydrochloric acid. If 
it were not for this valuable by-product, the Leblane process 
could not hold its own in competition with the other important 
method of making soda. 

In the United States the Solvay process is used almost alto- 
gether. At Syracuse, N. Y. (Fig. 176), the process is carried 
out on an enormous scale. The principle of the process can be 
explained in three steps: 


[1] Ammonia and carbon dioxide are dissolved in water, forming 
ammonium bicarbonate (NH,HCO;). 

[2] This in turn reacts with sodium chloride, giving sodium bicar- 
bonate (NaHCO;) and ammonium chloride. The sodium bicarbonate, 
being only sparingly soluble in this solution, is precipitated. 

[3] Finally, the bicarbonate on heating forms the carbonate. 
The reactions are as follows: 


NH; + CO, + H,.O —> NH,HCO; {1] 
NH,HCO; + NaCl —» NaHCO; | + NH,Cl [2] 
2 NaHCO; —»> Na.CO; + H.0 + CO, [3] 


In the commercial process these reactions are carried out in the fol- 
lowing manner: Brine from a salt well is saturated with ammonia gas 
and is then pumped into a carbonating tower. Carbon dioxide enters 
this tower at the bottom under pressure and is absorbed by the am- 
moniacal brine. The sodium bicarbonate comes down as a fine powder 
suspended in the liquid and is filtered off. The ammonium chloride 
is recovered from the solution by evaporation and is treated with lime 
in order to secure the ammonia for use again : 


2 NH,Cl + Ca(OH), —»2 NH; ft + CaCl +2 H,0 


In this way no ammonia is lost in the process. The earbon dioxide is 
obtained by heating limestone; the other product is calcium oxide, 
which gives with water calcium hydroxide: 


CaCO; —> CaO +CO,? 
CaO +H,0 —> Ca(OH), 


The calcium hydroxide is used for regenerating the ammonia as just 
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described. Thus we see (Fig. 177) that in this process the raw materials 
are calcium carbonate (limestone) and sodium chloride, two substances 
which can be obtained very cheap and in large quantities. The two 
products are sodium carbonate and calcium chloride. The latter 
has very little value and is for the most part thrown away. 


The Solvay process is much simpler and apparently more 
economical than the Leblanc process, which, as we have said, 
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Fig. 177. Diagram of the Solvay process. 
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only sparingly soluble in water. 





is still used because of the 
value of the hydrochloric 
acid produced in the first 
step. Such a product which 
is not the main object for 
which the process is carried 
out ts called a by-product. 
Many manufacturing opera- 
tions are made financially 
possible by the production 
of one or more valuable by- 
products. 

293. The two carbonates 
of soda. Sodium carbonate 
forms large crystals contain- 
ing ten molecules of water 
(NagCOs; - 10 H,0). It is 
very soluble in cold water. 
Sodium bicarbonate 
(NaHCO;) (sometimes 
called sodium hydrogen car- 
bonate) is a fine, white, 
crystalline powder which is 
When a solution of sodium 


carbonate in water is saturated with carbon dioxide, sodium 


bicarbonate is precipitated : 


Na,CO; + H,0 + CO, —> 2 NaHCO; 
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The reverse of this reaction takes place when sodium bicar- 
bonate is heated, as in the last step of the Solvay process 
Both substances react readily with acids, forming a salt and 
carbonic acid. Since carbon dioxide is but slightly soluble in 
water the carbonic acid decomposes and the gas escapes; for 
these reasons the reaction runs practically to an end: 


NaHCO; + HC] — > NaCl+ H,0 + CO, 


Because the carbonates will react with acids, producing salts, 
they can be used instead of a hydroxide for neutralizing an 
acid. They are also used as a source of carbon dioxide. The 
fire extinguisher described in section 67 contained a solution 
of sodium bicarbonate. 

294, Baking powders. Sodium bicarbonate is also an essen- 
tial component of baking powders; hence it is often called 
baking soda, or sal soda. The other necessary ingredient of 
baking powders is some solid substance which is weakly acidic, 
such as cream of tartar, calcium acid phosphate, or alum. 
When the carbonate and the acid become wet, there is a reaction 
which results in a large volume of carbon dioxide gas, which 
leavens the dough. In some cases sour milk is used instead of 
the solid acid. Here the lactic acid reacts with the carbonate. 
Baking powders usually contain a small amount of starch or 
flour to keep them from deteriorating. In making so-called 
raised bread, yeast is used, which reacts with the sugar in the 
dough and by alcoholic fermentation produces carbon dioxide 
gas. 

295. Sodium carbonate, or washing soda (Na,CO;). Sodium 
carbonate is often called washing soda because it acts as a 
mild alkali and yet is not so alkaline as to injure seriously the 
flesh.or fabrics. Sodium carbonate is used in enormous quan- 
tities in the manufacture of caustic soda, soap, and glass. (See 
Industrial Chart on page 199.) 
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Some of the sodium carbonate is put on the market as a dry 
powder, but another large part is sold as the so-called soda 
crystals (NagCO;-10H2O). These crystals are transparent and 
contain ten molecules of water. They slowly crumble to a 
white powder consisting of the more or less dehydrated sub- 
stance. This is an example of the process of efflorescence. 

296. Hydrolysis. The reason why water solutions of sodium 
carbonate show an alkaline reaction when tested with litmus is 
easily seen if we consider the ionic reactions involved. Water 
is very slightly dissociated into H+ and OH and, although we 
have hitherto disregarded this dissociation, we now find it to be 
of importance. The carbonate ion (CO; ~) combines with a 
certain number of hydrogen ions (H+) from the water and 
thus produces carbonic acid (H:CO;). This is a very weak 
acid and is only very slightly dissociated ; hence a number of 
undissociated carbonic acid molecules are formed in the solu- 
tion, as shown in the following equations: 


H.O =— Ht + OH- 
NaeCO; == 2 Nat + CO;- * 
2 Ht++ CO;- - == HCO; 


For every ion of hydrogen which is thus removed by the forma- 
tion of the undissociated molecules, there is left a hydroxyl ion 
in the solution. The result is that a solution of sodium ear- 
bonate contains a greater number of hydroxyl ions than 
hydrogen ions. Therefore it reacts alkaline, but only feebly so, 
for the concentration of the hydroxyl ions is necessarily small 
since they can be formed only to the extent that undissociated 
carbonic acid is produced. The action of the ions of water on a 
dissolved salt is called hydrolysis. It takes place whenever we 
are dealing with the salt of a weak acid and a strong base, and 
results in an alkaline solution. The weaker the acid, the more 
alkaline will the solution be. 
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It is interesting to note in this connection that the solution 
of sodium bicarbonate, often called acid sodium carbonate, 
reacts neutral with litmus. 

We also have hydrolysis in the case of salts which are formed 
from a strong acid and a weak base. Here a certain concentra- 
tion of undissociated base is produced, and an equivalent amount 
of hydrogen ions are set free, giving an acid reaction to the 
solution; thus, ammonium nitrate, copper sulphate, and zinc 
chloride solutions all react acid with litmus. 

Salts of strong acids and strong bases are not hydrolyzed, and 
the solutions give a neutral reaction. Such salts are sodium 
chloride, potassium nitrate, sodium sulphate. 


297. Other important compounds of sodium. We have already 
described (§213) sodium nitrate as that valuable natural nitrate 
which is used as a source of nitric acid and as a fertilizer. A second 
important compound, called sodium thiosulphate(Na2S203),is made by 
boiling a solution of sodium sulphite with sulphur. The hydrate is 
known as “hypo” (Na2S203-5 H2O) and enters extensively into the fix- 
ing process of photography and into the bleaching industry. Another 
salt is sodium cyanide (NaCN), a white solid with a strongly alkaline 
water solution. It is extensively used in extracting gold because it 
dissolves that metal in the presence of air. The compound itself is 
extremely poisonous, and in contact with acids evolves the very poisonous 
hydrocyanic, or prussic, acid (HCN), which is sometimes used to exter- 
minate vermin. 


298. Potassium compounds. Potassium compounds are 
very similar to sodium compounds; we need consider them 
only very briefly. In general they are somewhat more soluble 
than sodium compounds and are therefore often preferred in 
the laboratory. Since they are more expensive, however, 
they are not used in the industries when the corresponding 
sodium salt will serve as well. 

Potassium compounds are very widely distributed. They 
occur as the constituents of many igneous rocks, but these 
rocks are not suitable sources for obtaining the compounds 
commercially. 
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299. Potassium salts as fertilizers. In Chapter X XI we saw 
that nitrogen compounds were essential to the growth of plants. 
Potassium compounds are no less important in this regard. 
Most artificial fertilizers contain potassium salts, and the re- 
sults of experiments like those shown in figure 178 prove that 
they are a valuable plant food. When plants are burned the 
potassium compounds are converted into potassium carbonate, 


a : 4 





Fig. 178. The effect of fertilizers on potatoes: 1, fertilizer lacking potassium salts; 
2, no fertilizer; 3, fertilizer containing potassium salts. 


which is found in the ashes. Thus wood ashes return needed 
potassium salts to the soil. By extracting wood ashes with 
water, potassium carbonate is produced. This was the old 
way of preparing potassium carbonate, which was called potash. 

Since potassium compounds must be applied to the soil in 
order to produce the best crops, the question of the manner 
of obtaining them is vital. Potassium chloride is found in 
large deposits of mixed salts at Stassfurt, Germany, and this 
has hitherto been the principal source of supply, although 
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other natural deposits have been found in certain places (e.g. 
in Utah) and have been used to a small extent. When the 
recent war cut off the Stassfurt supply, considerable quantities 
of potassium compounds were produced in Canada and the 
United States from mineral deposits, from the cement industry, 
in which they are a valuable by-product, and from the ash of 
one or two giant alge of the California coast. Strangely 
enough, although most sea plants contain sodium compounds 
rather than potassium compounds, these algz are an important 
exception. 

300. Important potassium compounds. Potassium hydroxide, 
or caustic potash (KOH), is prepared exactly as sodium hy- 
droxide and resembles this substance in its physical and chem- 
ical properties. In the laboratory it is used instead of sodium 
hydroxide for a few special purposes, but in general the re- 
actions of the two are identical. Potassium carbonate and 
bicarbonate are very much like the corresponding sodium 
compounds, except that the bicarbonate is very soluble in 
water. For this reason potassium carbonate cannot be pre- 
pared by the Solvay process but must be manufactured by the 
Leblanc process. Since the compounds of potassium are more 
expensive than those of sodium they find only limited uses aside 
from that as fertilizers. 

Potassium nitrate (KNO;) is commonly called saltpeter. 
It is usually prepared from sodium nitrate by the following 


reaction : NaNO; + KC] —> NaCl + KNO, 


When hot saturated solutions of sodium nitrate and potassium 
chloride are brought together, the sodium chloride is precipi- 
tated and can be filtered off, leaving potassium nitrate in 
solution with only a little sodium chloride. The solution can 
then be cooled and the potassium nitrate crystallized out. 
This. reaction depends upon the solubilities of the substances 
involved at various temperatures; the relationship is best 
shown by the curves given on page 152. 
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301. Deliquescence. The chief use of potassium nitrate appears 
in the manufacture of gunpowder. For this purpose it is better than 
sodium nitrate because the latter tends to absorb moisture from the 
air and so makes it difficult to keep the gunpowder dry. There area 
large number of salts which resemble sodium nitrate in their tendency 
to take up water from the air. This property of certain substances 
is called deliquescence, 


302. Metallic sodium and potassium. Metallic sodium is 
prepared by the electrolysis of fused sodium hydroxides. This 
operation was first carried out 
by Sir Humphrey Davy (Fig. 
179). 


In the iron apparatus shown in 
figure 180 the molten sodium 
hydroxide conducts the current 
just as a solution of the substance 
does; oxygen is liberated at one 
electrode and the metallic sodium 
and hydrogen at the other. In 
the fused hydroxide, however, the 
metallic sodium finds no water 
with which to react and can be 
obtained in the free state. It is 
lighter than the fused hydroxide, 
floats to the top in a molten con- 
dition, and is ladled off from time 
to time. Metallic potassium is 
made in exactly the same way. 





Fic. 179. Sir Humpnry Davy 
(1778-1829). 


Brilliant English investigator who dis- 
covered sodium and potassium and 


invented the safety lamp used by Both metallic potassium 

ae and metallic sodium are very 
active substances and can be kept only if out of contact with 
the air. They are usually preserved under some such liquid as 
kerosene. When freshly cut both metals are silver white and 
very soft. They combine with most of the nonmetallic ele- 
ments, such as oxygen and chlorine, with great energy. The 
reaction with water has already been discussed (§ 31). In the 
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case of potassium the reaction is so violent that the hydrogen 
takes fire when the metal is dropped on water. 

303. Sodium peroxide. When metallic sodium is heated in 
air, it produces an oxide known as sodium peroxide (Na2Q2). 
This oxide contains one atom more of oxygen than the normal 
oxide of sodium, and is a vigorous oxidizing agent; for that 
reason it finds many uses. So- 
dium peroxide reacts with water 
to form oxygen and thus fur- 
nishes a very convenient method 
of generating oxygen in the lab- 
oratory. Metallic sodium is pre- 
pared on an industrial scale for 
the preparation of this sub- 
stance. 

304. Comparison with ammo- 
nium compounds. In Chapter 
XIX we studied the common 
compounds of ammonium (NH,), 
such as the hydroxide, chloride, 
sulphate, and nitrate. These com- 
pounds are very similar to the 
corresponding compounds of so- 
dium and potassium, in that the 
salts are white solids and are soluble in water, and in that 
the ammonium radical forms a monovalent positive ion. 

305. Flame tests for sodium and potassium. Since all 
sodium and potassium compounds are soluble in water, we 
cannot test for them by any precipitation reaction. There 
is, however, one test for these elements which is extremely 
sensitive and which distinguishes them absolutely from every 
other substance. This is the color of the light which all 
sodium and potassium compounds, as well as the elements 
themselves, give out when they are heated to a high tem- 
perature. 





Fig. 180. Electrolytic cell for mak- 
; ing metallic sodium. 
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We may hold a piece of clean platinum wire in the blue flame of a 
burner until all color disappears from the flame (Fig. 181). It may 
be necessary to use a new 
burner to avoid impurities. 
We touch the wire to a 
sodium salt and bring it 
again to the edge of the 
flame. Then we repeat the 
experiment using a pure 
salt of potassium. 


The yellow color is a 
test for sodium. This is 
Fig. 181. Flame test so delicate a test that 

ee all the flames in a labora- 
tory where sodium salts are being used show traces of yellow 
color. 

Potassium compounds color a similar flame purple. This 
color is a test for potassium and its compounds but is easily 
obscured by the yellow color due to a trace of sodium. To 
obviate this difficulty the flame may be observed through a 











Fig. 182. Bunsen spectroscope. 


blue glass, which cuts out the yellow light and enables us to 
see the potassium flame if it is present. 
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306. Use of the spectroscope. A more exact method of 
testing the sodium and potassium is furnished by the spectro- 
scope (Fig. 182). This in- 
strument analyzes the light 
from the flame by means of 
a glass prism and shows a 
sharp, bright yellow line 
when sodium is present, 
even though the flame may 
be at the same time col- 
ored by more than this 
one substance. Other sub- 
stances show characteristic 
lines when examined in 
this way (see Spectrum 
Chart). Some of them 
have a great many lines 
of varied colors; but none 


of the lines from pots Fic. 183. Rosert WILHELM BUNSEN 
elements coincide exactly, (1811-1899). 


and thus the presence of famous German chemist who invented the 
several elements in the spectroscope and the burner used in the 
laboratory. 

same substance can be de- 

tected. This method of analysis was used by Bunsen (Fig. 
183) and Kirchhoff in discovering two new elements which 
resembled sodium and potassium, namely, cesium and 
rubidium. 





When the solar spectrum is studied carefully, we find that it is 
crossed by many vertical dark lines (see Spectrum Chart). These 
lines are called Fraunhofer lines and are caused by the presence in the 
outer layer of the sun’s atmosphere of many gaseous elements which 
absorb certain characteristic portions of the light. The same effect 
may be observed in the laboratory if a beam of white light is passed 
through a sodium flame and then into a spectroscope; a dark line will 
be seen which is in the same place in the spectrum as the usual D line 
of the sodium spectrum. 
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SUMMARY OF CHAPTER XXV 


ALL SODIUM, POTASSIUM, AND AMMONIUM SALTS 
are at least moderately soluble in water. Sodium, potassium, 
and ammonium ions are positive and monovalent. 

THE CHLORIDES of sodium and potassium occur in nature 
and are used to prepare other compounds of these metals. 

THE HYDROXIDES of these two metals are prepared by the 

electrolysis of the chloride solutions, or by the action of lime on 
/the carbonate. They are strong bases. 
_ THE CARBONATES occur in plant ashes. They are manu- 
factured by the Leblanc process. Sodium carbonate is manu- 
factured by the Solvay process; this consists in the action of 
carbon dioxide on the ammoniacal solutions of the chlorides, which 
forms the bicarbonate. The carbonate is made from the bicarbon- 
ate by heating. 

THE CARBONATES ARE USED in washing powders and in 
making glass and other compounds. Sodium bicarbonate is one 
component of baking powders and is also used in chemical fire 
extinguishers. 

SOLUTIONS OF THE CARBONATE are weakly alkaline, be- 
cause of the excess of hydroxyl ions left by the formation of un- 
dissociated carbonic acid from the hydrogen ions of water. This 
action is called hydrolysis. 

HYDROLYSIS is the action of the ions of water on dissolved salts. 
Salts formed by a weak acid and a strong base give alkaline reactions. 
Salts formed by a strong acid and a weak base give acid reactions. 

POTASSIUM COMPOUNDS are essential for the growth of 
land plants and are therefore used as fertilizers. The chief 
source is the Stassfurt deposits in Germany. 

METALLIC SODIUM AND POTASSIUM are made by the 
electrolysis of the fused hydroxides. They are very active sub- 
stances. Metallic sodium is used to prepare sodium peroxide, 
an active oxidizing agent. 

AMMONIUM compounds resemble potassium compounds 
in many respects. 

SODIUM compounds color a Bunsen flame yellow; potassium 
compounds color the flame purple. 
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THE SPECTROSCOPE enables one to detect extremely small 
quantities of sodium, potassium, etc., by analyzing the light from 
the flame into characteristic colored lines. 


QUESTIONS <6 
1. What properties have ammonium salts in common with those 
of sodium and potassium? 
2. Why is caustic soda cheaper than caustic potash ? 
3. Why are baking powders used in cooking? 
4. What ingredient is common to all baking powders? 


5. Explain why the water solution of sodium carbonate gives an 
alkaline reaction with litmus. 


6. Describe three sources of common salt. 


7. How would you prepare chemically pure (C. P.) sodium chloride 
from salt? 


8. What are the most important uses of the two carbonates of 
sodium ? 

9. How could you distinguish in the laboratory between sodium 
earbonate and bicarbonate? 


10. How would you test a compound for potassium in the presence 
of sodium ? 


11. Explain why a given weight of sodium hydroxide “ goes farther ” 
in neutralizing an acid than the same weight of potassium hydroxide. 


12. Why is metallic sodium not prepared by the electrolysis of sodium 
chloride? 


13. When a Seidlitz powder is dissolved in water there is much effer- 
vescence. Explain. 

(Seidlitz powder contains tartaric acid in white paper and sodium 
bicarbonate and Rochelle salt in blue paper.) 


14. What would happen in Question 13 if the patient took the con- 
tents of the papers separately? Don’t try it! 


15. Compare the solubility curves of sodium chloride and potassium 
nitrate. What practical use is made of this difference in solubility of 
these two salts? 


16. What takes the place of baking powder in making “ raised 
bread ’’? 
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17. Write the necessary equations to show the reactions involved 
in changing sodium chloride into sodium bicarbonate; sodium chloride 
into metallic sodium; sodium bicarbonate into sodium sulphate. 


18. Write equations for the preparation of sodium hydroxide by 
three different methods. 


Topics FOR FURTHER STUDY 


Common salt. Why is salt said to be one of the foundation stones 
of all chemical industry? What is its direct connection with human 
life? What two substances which are made from it are found in every 
household? What is the cheapest source of salt? (Martin’s Modern 
Chemistry.) 

The chemistry of the stars. How has the spectroscope enabled 
astronomers to tell what chemical elements are present in the stars? 
What is the probable origin of the solar system? (Duncan’s Some 
Chemical Problems of To-day and J. C. Philip’s Romance of Modern 
Chemistry.) 


ane res 


CHAPTER XXVI 


THE HALOGENS 


Chlorine — preparation, properties, uses. Bromine — 
occurrence, preparation, properties — hydrobromie acid — 
bromides. Iodine — hydriodic acid — iodides. Replace- 
ment of halogens. Fluorine — hydrofluoric acid. Com- 
parison of the halogens. 


307. The halogens. We have already met the element 
chlorine a number of times in such compounds as hydrochloric 
acid and common salt. There are three other elements — 
fluorine, bromine, and iodine — which resemble chlorine in 
many respects and which together with chlorine are called 
the halogens. This family of elements is characterized by 
the fact that all the members are nonmetals with the valence 
of one. They form monovalent negative ions which are known 
as the chloride ion, fluoride ion, bromide ion, and iodide ion 
respectively. These ions are derived from the corresponding 
acids, which are water solutions of gaseous compounds con- 
taining one atom of hydrogen and one of the nonmetal. 


CHLORINE 


This element is very widely distributed in the form of chlo- 
rides. We have already considered the most important, 
namely, those of sodium and potassium. Sodium chloride is 
the source of all chlorine compounds. 

308. Preparation. Industrially chlorine is prepared as a by- 
product in the manufacture of sodium hydroxide (§ 290) 


The gas which is evolved during the electrolysis of sodium 
309 
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chloride is usually very pure and is either used directly or is 
compressed and liquefied for transportation. Large quantities 
of it are converted into an important 
compound called bleaching powder, 
which will be described in the next 
chapter. 

In the laboratory chlorine is pre- 
pared from concentrated hydro- 
chloric acid (Fig. 184). This acid 
is treated with an oxidizing agent 
which oxidizes the hydrogen of the 
acid to water and sets chlorine free. 
Manganese dioxide (MnO2) is com- 
monly employed as the oxidizing 
Fie Gis? kan ceueniy agent. The reaction is as fol- 

tion of chlorine. lows: 


4 HCl + MnO, —> MnCl, + 2 H:0 + Chet 


Instead of employing hydrochloric acid it is possible to use 
a mixture of sodium chloride and sulphuric acid, which produces 
hydrochloric acid : 


Mn0O,+2NaCl+2H.,SO;—>MnS0O,-+ Na2SO,+2H20+Cl: 1 


309. Properties. Chlorine is a greenish yellow gas with a 
very irritating odor. It is extremely poisonous and exposure 
even for short periods to a low concentration of it will produce 
serious lung trouble. For this reason it was the first ‘ poison 
gas’’ used in the World War. A so-called “ cloud attack ”’ with 
this gas is shown in figure 185 It is about two and a half 
times as heavy as air. It can very readily be liquefied at 
ordinary temperatures by applying a pressure of between 
six and seven atmospheres. Liquid chlorine is now an article 
of commerce and is sold in strong steel cylinders. 

310. Chemical activity. Chlorine is an extraordinarily 
active substance. It combines with a number of elements at 
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room temperature, forming the chlorides with the evolution of 
much heat. Powdered antimony and arsenic burst into flame 





Fig. 185. Cloud attack with chlorine during the World War. 


when they are introduced into the gas. A jet of hydrogen if 
lighted in the air will continue to burn in an atmosphere of 
chlorine (Fig. 186). This combustion is unusual inasmuch as 
no oxygen is involved. The reaction which 
takes place and which produces heat and 
light is the combination of hydrogen and 
chlorine to form hydrogen chloride. The 
white fumes of hydrochloric acid can be 
seen if one breathes into the jar. Many 
compounds of carbon and hydrogen — for 
example, turpentine — react so vigorously 
with chlorine that a flame is produced. The 
other products of the reaction are free carbon ee eyes 
: ydrogen in chlorine. 
and hydrochloric acid. 
311. Chlorine water. Chlorine is somewhat soluble in 
water: one volume of water under ordinary conditions dissolves 
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about three volumes of the gas. The chlorine is partly in true 
solution and partly present as two compounds, hydrochloric 
acid and hypochlorous acid. This latter substance is unstable 
and breaks down easily into oxygen. Industrially it is a very 
valuable substance because of its oxidizing power. 

312. Uses. Chlorine is very extensively used in the in- 
dustries (see Industrial Chart on page 199). It enters into the 
manufacture of certain other chlorine compounds, such as sul- 
phur chloride, carbon tetrachloride, and chloroform. Its main 
use lies in the production of dilute solutions of hypochlorous acid 
or the salts of this acid, both of which are important as bleach- 
ing and disinfecting agents (Chapter X XVII). 


BROMINE 


Bromine occurs as the bromides of sodium and magnesium 
in certain deposits of common salt. The bromides can be 
extracted and separated from the chlorides by crystallization, 
or the bromine can be freed directly and then converted into 
any desired bromine compounds. 

313. Preparation. Bromine can be prepared in much the 
same way as chlorine; that is, either by electrolysis of a 
solution of sodium bromide or by the oxidation of hydrobromic 
acid. If a mixture of sodium bromide and sodium chloride is 
electrolyzed, bromine is given off at the positive electrode 
before the chlorine. Advantage is taken of this fact in obtain- 
ing free bromine from the salt deposits just mentioned. 

In the laboratory we employ a mixture of manganese dioxide, 
sodium bromide, and sulphuric acid, which is equivalent to 
hydrobromic acid. The equation is similar to that for making 
chlorine. 


2NaBr+Mn0O,+2H,SO, —>- Na.SO,+ MnSO,+2 H,O+Bre 


The laboratory preparation of bromine is usually carried out in 
an apparatus called a retort (Fig. 187). The mixture of sodium bro- 
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mide, sulphuric acid, and manganese dioxide is placed in the retort and 
gently heated. Bromine vapors fill the retort and condense in a cool 
receiver which is provided. Since bromine does not mix with water 
it is convenient to place some water in the receiver. A layer of bromine 
then collects under this water, and the fumes do not escape into the 
atmosphere. 


314. Properties. Bromine is a dark, brownish red liquid, 
about three times as heavy as water; it is the only nonmetallic 
element which is a liquid 
under ordinary conditions. 
It has a strong, suffocat- 
ing smell (the name bro- 
mine means a stench) and 
attacks the nose and 
throat, as chlorine does, 
and irritates the eyes. 
The liquid produces very 
painful burns on the skin, 
and great care should be 
taken in handling it. It 
is somewhat soluble in 
water, and such a solution 
is commonly called bromine water. Like the aqueous solution 
of chlorine, it is an oxidizing agent. 

Bromine is not quite so active as chlorine but combines 
readily with a number of elements with the evolution of much 
heat and light. 





Fig. 187. Laboratory preparation of bromine. 


315. Hydrogen bromide. Hydrogen bromide is a gaseous sub- 
stance similar in many ways to hydrogen chloride. It cannot, how- 
ever, be satisfactorily prepared by the same reaction. When we heat 
sodium bromide and concentrated sulphuric acid, we produce hydrogen 
bromide, but this substance is so readily oxidized by the warm con- 
centrated sulphuric acid that part of it becomes water and free bromine: 


NaBr + H.SO, —> NaHSO, + HBr 
2 HBr + H.SO, —> 2 H.0 + SO; t + Br; 
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For this reason we use some other method when we wish to prepare 
hydrogen bromide. One way is to treat a mixture of red phosphorus 
and water with bromine. Red phosphorus and bromine combine to 
form the compound phosphorus tribromide (PBr;). This compound 
immediately reacts with the water, forming pure hydrogen bromide 
and phosphorous acid (H;POs;), which is not volatile: 


PBr; + 3 H.O —> 3 HBr + H;PO; 


Hydrogen bromide is a colorless gas, very soluble in water; its 
aqueous solution is known as hydrobromic acid. Hydrobromie acid 
is a strong acid. It is much more easily oxidized to water and the 
free element than is hydrochloric acid. 


316. Bromides. The salts which are formed by neutralizing 
hydrobromic acid are called bromides. All bromides are soluble 
except those of silver, lead, and mercury. Silver bromide is a 
yellowish solid, used extensively in photography. The bromides 
of sodium and potassium are valuable as drugs. 


IoDINE 


Iodine in the form of iodides occurs to a small extent in 
certain salt deposits. It is also found in the deposits of sodium 
nitrate in Chile. This is the principal 
source of the element, although it is also 
sometimes prepared from the ash ob- 
tained by burning certain seaweeds. 

317. Preparation and properties. Io- 
dine is prepared in exactly the same 
way as bromine and chlorine. 


The preparation of iodine can be conven- 
iently carried out by warming a mixture of 
manganese dioxide, sulphuric acid, and sodium 
iodide in an evaporating dish on top of 
Fig. 188. Laboratory prep- which is placed a dish containing cold water. 

aration of iodine. to ; 
The iodine vaporizes and condenses on the 
under side of the top dish, forming a mass of beautiful crystals 
(Fig. 188). 
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Iodine is a steel-gray solid which is very easily vaporized. 
The vapor has a beautiful violet color and on being cooled 
passes back directly into a solid. This process of passing 
from solid to vapor and back again without the formation 
of a liquid is called sublimation. Iodine is only slightly soluble 
in water but is quite soluble in a solution of sodium or potassium. 
iodides. It is also soluble in alcohol and is commonly sold in 
such a solution as tincture of iodine. 

Iodine is less active than either of the other two halogens 
that we have considered; however, it will combine directly 
with many nonmetals at room temperature or when slightly 
warmed. 

A very characteristic reaction of iodine is the formation of 
a blue color when a small amount is brought into contact with 
starch. This reaction is employed as a test for either iodine or 
starch. 


318. Hydrogen iodide. Hydrogen iodide cannot be prepared by 
heating sodium iodide and sulphuric acid, for the same reason that this 
general method was impossible with hydrobromic acid. It is produced 
by the interaction of red phosphorus, iodine, and water. Hydrogen 
iodide readily dissolves in water and forms the solution called hydriodic 
acid. This acid is even more easily oxidized than hydrobromic acid 
and is therefore a good reducing agent. It is a strong acid and on 
neutralization forms salts called iodides. 


319. Iodides. All iodides except those of silver, lead, and 
mercury are soluble compounds. Silver iodide is a yellow, in- 
soluble substance, and like silver bromide is used in photography. 
Certain iodides are necessary in the preparation of drugs; 
iodine itself is used in medicine. 

320. The replacement of halogens. If we pass chlorine into 
a solution of a bromide or an iodide, we find that free bromine 
or iodine respectively is liberated and a chloride formed. This 
is a replacement reaction and is like the reaction in which 
metallic zinc liberated hydrogen from the hydrogen ion, except 
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that we are now dealing with negative ions: 
Cl. + 2 Br- —> 2 Cl-+ Bre | 
Cl, + 2I- —>+2CIl-4+I 


Bromine will liberate iodine from the iodide; but iodine will 
liberate neither bromine nor chlorine from their salts. We 
can therefore write these three elements as a series in which the 
higher member will liberate any element below it from its ion. 


REPLACEMENT SERIES 
or NONMETALS 


This table also indicates the order of activity 


Chlorine of these nonmetals, that is, chlorine is 
Bromine most active and iodine is least. 
Iodine 


Since chlorine is cheap and is easily obtained it is sometimes 
used to liberate bromine or iodine from a solution of its salts and 
in this way to prepare the free elements on a large scale. 


FLUORINE 


The fourth member of the halogen family differs somewhat 
from the others. This difference is more apparent than real 
and is due mainly to the fact that fluorine is itself far more 
active than the other halogens and that its compounds are much 
more stable. Fluorine occurs as a constituent of one or two 
important minerals, of which fluorite (CaF,) and cryolite 
(Na;AIF’,) may be mentioned. The former is used as the chief 
source of fluorine and its compounds. Fluorine compounds 
are somewhat poisonous and are used in large amounts in the 
manufacture of insect powders. 

321. Preparation and properties. Fluorine is a slightly 
yellow gas, extremely poisonous and corrosive, and is very 
difficult to liquefy. It is the most active element known and 
at ordinary temperatures combines vigorously with most of 
the elements. Fluorine can be prepared only with difficulty. 
A French chemist, Moisson, in 1886 first isolated it by the 
electrolysis of a solution of potassium fluoride (KF) in liquid 
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hydrogen fluoride (H,F,). The experiment had to be per- 
formed in platinum or copper apparatus as all other materials 
were attacked by the gas. 

322. Hydrogen fluoride. Hydrogen fluoride can be prepared 
by the action of concentrated sulphuric acid on calcium fluoride: 


CaF. + H.SO, — CaSO, + H.F: 


It is a gas which is very soluble in water, forming an acid 
called hydrofluoric acid. Hydrogen fluoride is much more 
stable than hydrogen chloride and cannot be oxidized at all. 
It is easily condensed to a liquid, which 
boils at 19° C. 

Hydrofluoric acid is a strong acid 
and forms salts called fluorides. It is 
noteworthy because it will dissolve a Mis 189. | Etching glass =e 

4 F ydrofluoric acid. 
great many substances, including sand 
(SiOz) and glass. For this reason it is kept in wax bottles. 
Its action with sand results in the formation of the gas silicon 
tetrafluoride (SiF,) and water: 


SiO. + 2 H.F, ——— = SiF, = 2 H,O 


The action with glass takes place in much the same way since 
glass is a compound of silicon. This action of hydrofluoric 
acid on glass is taken advantage of in etching designs on that 
material. The glass is painted over with wax except where 
it is desired to have it etched, and hydrofluoric acid is applied 
(Fig. 189). After a time the acid is washed off and the wax 
removed; the glass is opaque where the acid has come in con- 
tact with it. 





323. Comparison of the halogens. The following table summa- 
rizes the important physical and chemical properties of the halogen 
family, the elements being arranged in the order of their atomic weights. 
It should be remembered that the activity of these elements decreases 
progressively from fluorine to iodine, and that the stability of the 
hydrogen compounds decreases in the same order. This is also the 
order in which they replace each other. Fluorine is so active that 
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it replaces the oxygen of water. Because of this extreme activity 
it is to be regarded somewhat in the light of an odd member of the 
series; although its behavior seems more normal when we realize that 
it stands above chlorine in the family, and hence should be more active 
than even this active element. 





ATOMIC Borne 


Name WEIGHT Point STaTE Cotor 
Fluorine (F) 19.0 — 187°C. gas pale yellow 
Chlorine (Cl) 35.5 — 336° gas greenish yellow 
Bromine (Br) 79.9 63° liquid red 
Iodine (I) 126.9 184.4° solid purplish black 








SUMMARY OF CHAPTER XXVI 


FLUORINE, CHLORINE, BROMINE, AND IODINE are 
all monovalent, nonmetallic elements and are called the halogens. 

CHLORINE is prepared industrially by the electrolysis of 
sodium chloride. It is prepared in the laboratory by the oxida- 
tion of hydrochloric acid with manganese dioxide. 

Chlorine is a very active element and combines with many 
elements at room temperature. It is somewhat soluble in water, 
and its water solution contains hypochlorous acid, which is an 
oxidizing agent. Chlorine is used for preparing solutions of this 
acid and of its salts. The salts are used extensively in the indus- 
tries. 

BROMINE is prepared from a bromide by heating with man- 
ganese dioxide and concentrated sulphuric acid. It is a liquid. It 
is somewhat less active than chlorine. 

Hydrobromic acid is not made by the action of sulphuric acid on 
a bromide, but is best prepared by adding water to phosphorous 
tribromide. 

IODINE is prepared from™an iodide by heating with manganese 
dioxide and concentrated sulphuric acid. It is a solid which sub- 
limes on heating. 

Hydriodic acid is a good reducing agent. It cannot be prepared 
from an iodide with sulphuric acid. 
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FLUORINE is an extremely active element. It is prepared 
by electrolysis in a special apparatus. Hydrofluoric acid is made 
by heating calcium fluoride with sulphuric acid. It will dissolve 
sand and glass. 

Chlorine will replace bromine and iodine from their salts; 
bromine will replace iodine; fluorine is so active that it replaces 
the oxygen from water. 


QUESTIONS AND PROBLEMS 


1. What properties have all the halogens in common? 

2. How could you distinguish bromine vapor from nitrogen diox- 
ide? 

3. How could you identify a chloride, a bromide, and an iodide? 

4. Write the equations for the reaction of chlorine with hydrogen ; 
with zine; and with antimony. 

5. How do you account for the smell of hydrogen sulphide which is 
produced when concentrated sulphuric acid is added to an iodide? 

6. How would you test for free iodine? 

7. What precautions must be taken in handling hydrofluoric 
acid ? 

8. How would you prove the presence of starch in beans? 


9. How many kilograms of sodium chloride would be required 
to prepare 2 liters of chlorine gas at 20° C. and under a pressure of 5 
atmospheres? 
-10. Calculate the per cent of fluorine in fluorspar (CaF:). 
11. How would you separate a mixture of iron and iodine? 
12. A compound contains 2.1% hydrogen, 12.8% carbon, and 85.1% 


bromine. At 140° C. and 76 em., 1.00 gram of its vapor occupies 180 ce. 
Calculate its formula. 


Topic FOR FURTHER STUDY 


Poison gas in the World War. What gas was first used in the war? 
When and where was the attack made? What other gases were sub- 
sequently used? In what form? (Slosson’s Creative Chemistry and 
Auld’s Gas and Flame.) 


CHAPTER XXVII 


HYPOCHLOROUS ACID AND OTHER OXIDIZING 
SUBSTANCES 


Hypochlorous acid — properties — oxidizing action — 
chlorine water — hypochlorites —- bleaching — disinfecting 
and antiseptic action. Hydrogen peroxide, preparation and 
properties — peroxides — ozone. 


324. Oxidizing substances. The most important use of 
chlorine is in the preparation of dilute solutions of hypochlorous 
acid (HOCI) and its salts. These substances are of the greatest 
value because they are cheap and efficient oxidizing agents in 
aqueous solutions and serve as bleaching agents and antiseptics. 
In this chapter we shall learn how hypochlorous acid and some 
other oxidizing agents, such as hydrogen peroxide and ozone, 
may be prepared and used. 

325. Hypochlorous acid (HOCI). Chlorine water contains, 
besides the dissolved chlorine, some hydrochloric acid and 
hypochlorous acid. The reaction between water and chlorine 
which forms these two acids is reversible : 


Cl, + H,O == HCl + HOCI 


In order to prepare a solution of pure hypochlorous acid, we treat 
chlorine water with some substance which will use up the hydrochloric 
acid and leave no other impurities in its place. This can be done by 
shaking chlorine water with silver carbonate (Ag,CO;), a substance 
which is practically insoluble in water. This reacts with the hydro- 
chlorie acid, forming water, silver chloride, and carbon dioxide. The 
silver chloride is insoluble, and this reaction runs to completion; and 
therefore, also, the reaction between chlorine and water. Hypochlo- 
rous acid is a very weak acid and hence does not react with the silver 
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earbonate. We thus end with a dilute solution of hypochlorous 
acid containing silver chloride in suspension. The silver chloride 
ean be filtered off. 


2 HCl + Ag,CO; —> 2 AgCl + H,O + CO; } 


2 Cl, +2 H.0 + Ag,CO; —> 2 HOCI+2 AgCl| +H:O0 +COs} 


326. Properties. Hypochlorous acid is known only in solu- 
tion. The dilute solution prepared in the way just described 
shows the properties of a weak acid. It is an extremely unstable 
- substance and tends to decompose, forming hydrochloric acid 
and oxygen according to the following equation : , 


2 HOC] — > 2 HCl + O2 


Because of this instability hypochlorous acid cannot exist in 
concentrated solutions. 

327. Oxidizing action. Because hypochlorous acid so readily 
loses its oxygen, it is a powerful oxidizing agent even in a dilute 
solution. For example, it rapidly oxidizes sulphurous acid to 
sulphuric acid: 


H.80, HOC] —> 80, + HCl 


It will also oxidize many complicated organic compounds. 
It will oxidize hydrogen sulphide to water and free sulphur: 


HS + HOC] —> H.0 + HCI+S81) 


328. Chlorine water. Pure dilute hypochlorous acid is rather 
expensive to prepare. For almost any purpose chlorine water 
will serve equally well since the presence of hydrochloric acid 
in the solution does no harm. As fast as the hypochlorous 
acid is used up by a reducing agent, more of the dissolved 
chlorine reacts with the water and produces additional hypo- 
chlorous acid, until finally all the dissolved chlorine has been 
used up and converted into hydrochloric acid. 
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The slow decomposition of hypochlorous acid with the formation 
of free oxygen can be shown by filling a tube with chlorine water and 
allowing it to stand in the sunlight. A gas which can be shown to 
be oxygen collects in the top of the tube (Fig. 190): 


2 Clo + 2 HoO —> 4 HCl + Oo 


The oxidizing action of chlorine water can be demonstrated by 
treating a solution of sulphur dioxide with chlorine water. The sul- 
phurous acid solution before such treatment 
will not give a precipitate with barium 
chloride in the presence of hydrochloric acid; 
but after it has been oxidized with the chlorine 
water a heavy precipitate is formed, showing 
the presence of sulphuric acid: 


Clz + H20 + H2SO3——->H2S804 + 2HCl 


A solution of hydrogen sulphide in water 
forms a precipitate of sulphur on being 
treated with chlorine water, indicating that 
the oxidation has taken place: 


Cl, + H,0+ 0.8 —> H.0+2HCl+8) 


329. Hypochlorites. The salts of hypo- 
chlorous acid are called hypochlorites. 
They can be prepared by neutraliz- 
ing hypochlorous acid, but they are 


Fig. 190. Chlorine water more conveniently produced by other 
decomposes in sunlight. methods. 





Sodium hypochlorite (NaOCl) is formed when ehlorine is run into 
a cold dilute solution of sodium hydroxide : 


Cl, + 2 NaOH —> NaOCl + NaCl + H.O 


What really happens in this case is that the sodium hydroxide neu- 
tralizes both the hypochlorous acid and the hydroehlorie acid, which 
are in equilibrium with chlorine and water. Sodium hypochlorite 
can also be prepared by electrolyzing a solution of sodium chloride in 
a single narrow cell without a diaphragm. Chlorine is liberated at 
one pole, and sodium hydroxide is formed at the other. The two sub- 
stances come in contact and form sodium hypochlorite. In both 
these methods for the preparation of sodium hypochlorites it will be 
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noted that a dilute solution of the hypochlorite is formed which con- 
tains considerable sodium chloride, but the presence of this latter 
substance does not interfere with the usefulness of the hypochlorite. 


The hypochlorites are unstable substances. On account of 
this instability they are always prepared and used in cold 
dijute solutions. On being warmed or on long standing they 
oxidize themselves into compounds containing more oxygen, 
called chlorates. Sodium hypochlorite solution, for example, 
on heating gives sodium chloride and sodium chlorate (NaClQs) : 


3 NaOCl —> 2 NaCl + NaClO; 


Potassium chlorate we have already used; it is made by the 
action of chlorine on warm potassium hydroxide. 

330. Bleaching powder (CaCl(OC1)). ‘This substance is made 
by the action of chlorine on slaked lime. It is a white powder 
which is rather unstable and smells strongly of hypochlorous acid. 
Pure calcium hypochlorite would have the formula Ca(OCl)2. 
Bleaching powder acts very much like a mixed salt of calcium 


OCl1 
chloride and calcium hypochlorite, and has the formula Cag 
or CaCl(OC) : Cl 


ocl 
Ca(OH). + Ch —> Cag ETO 
Cl 


Bleaching powder, or “ chloride of lime,’’ serves as a com- 
mercial source of hypochlorous acid since lime is a cheap 
base. (See Industrial Chart on page 199.) 

331. Bleaching. Hypochlorous acid is a powerful bleaching 
agent; this is the most important use to which it and its 
salts are put. Most coloring materials are complicated or- 
ganic substances which can be oxidized into colorless com- 
pounds. The oxidation is very readily accomplished by a 
dilute solution of hypochlorous acid, which sets free nascent 
oxygen: 


HOC] —> HCl + [0] 
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This action can easily be shown by dipping a piece of colored 
cloth in chlorine water or by suspending a piece of moistened 
cloth in an atmosphere of chlorine (Fig. 191). Dry chlorine 
has no oxidizing action, for it cannot form hypochlorous acid. 


Bleaching is a very important process in a great number of indus- 
tries. For example, most fabrics, such as cotton cloth, are colored 
slightly yellow by natural im- 
purities and must be bleached 
before they can be put on the 
market. Figure 192 shows the 
general scheme for bleaching 
cloth. The cloth passes through 
alternate vats of bleach (B) 
solution and very dilute sul- 
phuric acid (S). In this way 
the hypochlorous acid is pro- 
duced only within the fibers of 






BESET © 
we, 
Ce v 
ROLY se 
Lox nS 
Or KY 
YK i OK 






A BE c the cloth, where it will be 
Fig. 191. Bleaching colored cloth. most effective. Then it goes 

A, dil. H2SO.; B, sol. of bleaching powder; through a solution of sodium 
C, HO. sulphite (C) to destroy any re- 


maining hypochlorous acid which might weaken it. Finally the cloth 
is washed in water (W) and ironed by passing over hot rolls (H). 

Bleaching with hypochlorous acid is generally carried out in in- 
dustrial works in one of the following ways: (1) chlorine water is 
prepared by running chlorine gas into cold water, and this solution 
is‘used directly; (2) sodium hypochlorite prepared by electrolysis 
or from chlorine gas and an alkali is used; (3) a suspension of bleach- 
ing powder in water is used. This latter method is the one commonly 
employed in the household. Fabrics must be thoroughly washed 
after being bleached in order to remove the chemicals, which would 
otherwise slowly rot the cloth. 


Since hypochlorous acid is very weak it is easily displaced 
from its salts by other acids. When a hypochlorite is treated 
with dilute acid, a solution of hypochlorous acid results, which 
can then act as a bleaching agent. In the commercial use of 
the hypochlorites this is accomplished, as deseribed above, by 
treating the material to be bleached first with the hypochlorite 
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and then with dilute acid. When “ bleaching powder ”’ is used 
in the household, the acid required is slowly supplied by carbon 
dioxide in the air. The equations are: 


CaCl(OCl1) + CO, + H,0 —»> CaCO; + HOC! + HCl 
HOCI] —> HCl }+ [O] used up in the bleaching, 


332. Disinfecting and antiseptic action. Diseases are caused 
and communicated by certain minute plants called bacteria. 
These microérganisms are generally present where there is 
much waste organic material. Hypochlorites readily oxidize 








Fig. 192. Diagram of the commercial process of bleaching. 


such organic material and destroy the bacteria. For this 
reason “ chloride of lime ”’ has long been used in the household 
as a disinfectant. More recently a solution of sodium hypo- 
chlorite (prepared by the electrolysis of salt solution) has come 
into use for washing the floors and walls in hospitals and sick 
‘rooms. 

Hypochlorous acid has recently been used as an antiseptic 
agent in surgery. Because of the sensitiveness of flesh to 
chemical reagents it must be employed only in very dilute 
solutions and under certain special conditions. Dakin’s solu- 
tion, which has been found most valuable in dressing wounds, 
is essentially a solution of sodium hypochlorite, containing 
from 0.45 to 0.5 per cent of this substance. The solution must 
be made in such a way that it is practically neutral; if it 
were either alkaline or acid it would be too corrosive in an 
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open wound. Furthermore, it is used most advantageously 
when the patient can be so arranged that a stream of the 
solution continually passes into the wound and washes it out. 

The bacteria which are present in drinking water can readily 
be destroyed by hypochlo- 
rous acid. This is usually 
done by adding a small 
amount of a hypochlorite 
solution, or by running a 
small stream of chlorine 
gas from steel cylinders 
containing liquefied chlo- 
rine into the water supply 
(Fig. 193). About one part 
of hypochlorous acid in a 
million parts of water will 
completely purify all except 
the most polluted supplies. 
This method of purification 
Fig. 193. Purification of water by chlorine. has been adopted by many 

cities and towns. 

333. Hydrogen peroxide (H.O,.). Another oxidizing agent 
of importance is hydrogen peroxide. This substance contains 
one more atom of oxygen than water. It is unstable and easily 
decomposes, giving water and free oxygen; for this reason it 
is a powerful oxidizing agent. 

When sodium peroxide is treated with ice-cold diluie hy- 
drochloric acid, it forms hydrogen peroxide and sodium 
chloride : 





NagQ, + 2 HCl —> 2 NaCl + H.O. 


Industrially the substance is made by the action of cold dilute 
sulphuric acid on barium peroxide: 


BaQy -f- H.SO, _> BaSO, + H.O, 


PEROXIDES Sor 


The barium sulphate is insoluble and can be removed by 
filtration. 

334. Properties and uses. Hydrogen peroxide can be pre- 
pared as an absolutely pure substance, but it is extremely 
unstable and is never used except in dilute solutions. It is 
commonly sold as a three per cent solution under the name of 
hydrogen peroxide. It is a vigorous oxidizing agent and will 
oxidize sulphurous acid to sulphuric and liberate free sulphur 
from hydrogen sulphide. On standing, strong solutions of it 


liberate oxygen: 
2 H.02 ed 2 HO oa Oz 


It is used extensively as a disinfecting and antiseptic agent. 
It has certain antiseptic powers, but they are extremely small 
compared with other good antiseptics. But it has the valuable 
property of giving off free oxygen when it comes in contact 
with open wounds, and the mechanical action of this evolved 
gas serves to cleanse the wound and to remove any foreign 
material. For this reason hydrogen peroxide is valuable in 
cleaning old wounds and in removing gauze and bandages. 


335. Peroxides. The atoms in hydrogen peroxide are probably 
linked in the following manner: H—O—O—H. The peroxides are 
substances which have two oxygen atoms linked in this way; when 
_ treated with acids they form hydrogen peroxide. Like hydrogen 
peroxide they are strong oxidizing agents in aqueous solution. Sodium 
peroxide, when treated with water at ordinary temperatures, forms 
oxygen and is sometimes used for preparing this element: 


2 Na,0, + 2 H,0—>4 NaOH + O: 


336. Ozone (O;). When oxygen is exposed to a silent dis- 
charge from an induction coil, it partially changes into an 
allotropic form called ozone. This substance has three atoms 
to the molecule; its formation from oxygen is reversible, and 
the equation is as follows: 


30; =— 2:05 
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At the maximum only about 7 per cent of oxygen can be con- 
verted into ozone (Fig. 194). Its formation from oxygen involves 
an absorption of energy; conversely, when it passes back into 
oxygen, it gives out energy. In general, allotropic forms of 
elements have different energy contents, 
and the unstable form tends to pass into 
the more stable with the evolution of 
energy. 

Ozone reverts to oxygen slowly at ordi- 
nary temperatures and rapidly at higher 
temperatures. It is a vigorous oxidizing 
agent and will instantly oxidize sulphur 
dioxide to sulphur trioxide at room tem- 
perature: 


SO, + O; —~> SO; + O2 


Binding Posts Connecting 
with Induction 





It will also oxidize many organic com- 
pounds, and for this reason it is a bleach- 
ing agent. Air containing 4 or 5 per cent 
of ozone (prepared by an electric dis- 
charge) has been used in some places for 
disinfecting the water supply. It seems 
Sta, "con en take to act in a very satisfactory manner. It 
sae aes has been suggested as a means of puri- 
fying air in houses and large halls, but has 
not given very successful results: it is a deodorizer but has 
very slight disinfecting action in the air. 


SUMMARY OF CHAPTER XXVII 


CHLORINE WATER contains dissolved chlorine and hydrochlo- 
ric and hypochlorous acids. 

Pure dilute hypochlorous acid can be made by shaking chlorine 
water with silver carbonate. Hypochlorous acid is known only 
in solution; it is unstable, breaking down into hydrochloric acid 
and oxygen. It is a powerful oxidizing agent. 
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SODIUM HYPOCHLORITE is made by passing chlorine into 
cold sodium hydroxide or by electrolyzing sodium chloride. So- 
dium hypochlorite when warmed produces sodium chlorate. 

BLEACHING POWDER, or chloride of lime, is made by the 
action of chlorine on slaked lime. It acts like a mixed salt 
(CaCl(OC}I)). 

THE HYPOCHLORITES AND HYPOCHLOROUS ACID 
are excellent bleaching agents and are used as such in the in- 
dustries. 

Hypochlorous acid is a disinfecting and antiseptic agent and is 
used in purifying drinking water. Chloride of lime is used as a 
disinfecting agent. Dakin’s solution is one of the successful 
modern antiseptics which depend on hypochlorous acid for their 
action. 

HYDROGEN PEROXIDE is made by treating sodium peroxide 
or barium peroxide with cold dilute acid. It is an unstable sub- 
stance and a powerful oxidizing agent. It is sold in a three per 
cent solution. Its antiseptic action is slight, but it is used for 
cleaning wounds. 

OZONE is an allotropic form of oxygen produced by the action 
of a silent electric discharge. It is unstable and is a powerful 
oxidizing agent. It is used in some places for purifying the water 
supply. 

QUESTIONS 
1. Explain how chlorine is indirectly used in bleaching cotton 


cloth. 


2. Why is the bleaching of organic coloring matter considered a 
process of oxidation? 


3. Why does not dry chlorine act as a bleaching agent? 


4. What is the difference between hydrochloric acid and hypo- 
chlorous acid? How would you test for each? 


5. What materials are injured by hypochlorous acid? 


6. Explain how chlorine reacts with water to produce nasceni 
oxygen. 


7. What experiment could you perform in order to prove thai 
hypochlorous acid is a weak acid? 


8. Why must chlorine water always be freshly prepared ? 
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9. If bleaching is an oxidizing action, why is free oxygen not 
used ? 

10. What advantages has hydrogen peroxide over other oxidizing 
agents? ; 

11. What is the difference between oxygen and ozone? 

12. Explain how hydrogen peroxide produces “‘ nascent oxygen.” 

13. Show how oxygen and ozone illustrate exothermic and endo- 
thermic reactions. 

14. Show how water and hydrogen peroxide illustrate the Law 
of Multiple Proportions. 

15. Why should bottles for hydrogen peroxide be made of brown 
glass? 

16. In what experiments have we used manganese dioxide as an 
oxidizing agent? 

17. Compare sulphurous and hypochlorous acids as bleaching 
agents. 

18. What is the difference between a disinfecting and an antiseptic 
agent? 

19. How would you prepare potassium chlorate from potassium 
hydroxide? 

20. How would you prepare “chloride of lime’? For what is it 
used? 
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CHAPTER XXVIII 
SILICON AND ALUMINUM 


Silica — properties and uses — silicic acid and silicates 
— glass — silicon — carborundum. 

Natural aluminum compounds — manufacture of aluminum 
— properties and uses — thermite — alumina — aluminum 
hydroxide — alums — purification of water — clay — 
pottery and porcelain. 


337. Silicon and aluminum compounds. Although neither 
of these elements occurs in nature in the free state, their com- 
pounds are found in great abundance. It will be remembered 
that silicon makes up about one-fourth of the whole crust of 
the earth and that aluminum is the most abundant of the 
metals. 

It will help to fix in mind the properties of these elements 
and their compounds if we recall that silicon is in the same 
group as carbon. Like carbon it has a valence of four and 
has no metallic properties; its acid (H,SiO3), like carbonic 
acid, is weak. Unlike carbon it does not form a great multi- 
tude of compounds containing numerous atoms linked together 
ina chain. Aluminum is the only member of the third group 
which is at all well known or important. Its hydroxide has 
both acidic and basic properties. It thus lies between the 
extreme metals and the nonmetals. 


SILICON 


338. Silica (SiO2). The commonest compound of silicon is 
the oxide (SiO2) called silicon dioxide, or more usually silica ; 
sand, sandstone, and certain other substances which are found 
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in enormous quantities consist of silica. Its purest form is 
quartz, or rock crystal, which occurs in fine, clear, six- 
sided prisms. Sometimes it appears in colored forms due 
to impurities; thus, amethyst is violet, rose quartz pink, smoky 
quartz brown, and milky quartz white. Other varieties of silica 
are onyx, opal, and flint. Petrified wood is a kind of silica 
which has gradually replaced the wood fiber of a tree, changing 
it to stone. 

Silica is also found in plants, especially in the leaves and 
stems, where it appears to give rigidity. Certain one-celled 





Fig. 195. Quartz laboratory apparatus. 


marine animals have skeletons containing silica. These ani- 
mals belong to the infusoria; in some localities there are 
immense deposits of very fine sand called infusorial earth 
(Tripoli). This material is used to absorb nitroglycerin in 
making dynamite; also for removing coloring matters from 
oils and in making polishing powders. 

339. Properties of silica. It is a hard, brittle substance 
and hence is used as an abrasive. Sandpaper consists of sharp 
quartz sand glued on paper. Silica can be melted in the 
oxyhydrogen flame and made into fine threads, tubes, flasks, 
or crucibles (Fig. 195). 
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Apparatus made of fused quartz does not expand or contract 
to any appreciable extent, even with considerable change in 
temperature. If we heat a quartz crucible red-hot in the 
flame of a blast lamp and then plunge it into cold water, it 
does not crack. 

Quartz vessels are not attacked by the common acids. 
However, they are dissolved very rapidly by hydrofluoric acid 
(H2F2). Silica also dissolves in fused alkalies to form silicates: 


2 NaOH aL SiO, —_—_>~ Na,SiO; wk H,O 


This reaction likewise takes place when silica is boiled with a 
concentrated alkali solution. 

340. Silicic acid and silicates. Silicon dioxide is the anhy- 
dride of an acid with the formula H.Si0O3; (H2O + SiOz); but 
this acid cannot be formed by dissolving silica in water. It is 
very weak and can be prepared only from its salts, the silicates. 
The silicates of calcium, magnesium, aluminum, and iron form 
the greater part of the earth’s crust. Many of the common 
rocks, such as granite, are composed of minerals which are 
complicated and mixed silicates. Most of them are insoluble 
in water, but the alkali silicates are soluble. 

Water glass, or sodium silicate (Na2,SiO;), is made by fusing 
together silica and sodium carbonate : 


Na2CO3; + SiO, _ NaSiO; -- CO, t 


A solution of sodium silicate is an excellent preservative for 
eggs since it fills the pores of the shells and thus makes them 
air-tight. It is used to render wood or cloth fireproof, and as 
a cement for glass and pottery. 


We add some hydrochloric acid to a solution of sodium silicate. 
The gelatinous precipitate is silicic acid : 


NaeSiO; + 2 HCl —> H,SiO; | + 2 NaCl 
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Silicie acid is precipitated when sodium silicate is acidified. 
The acid comes down as a gelatinous precipitate containing a 
rather indefinite amount of water. When heated sufficiently, 
the jelly loses all of its water and forms silica. 





Fig. 196. Mechanical blowing of cylinders for window glass. 


341. Glass. Common glass is made by melting together 
sand, sodium carbonate, and calcium carbonate. At a high 
temperature the carbonates react with the sand, forming 
glass, a mixture of sodium and calcium silicates : 

Na.CO ; + SiOz —» NagSiO; + CO, 
CaCO; + SiO, —> CaSiO; + COz 


Such a mixture of silicates solidifies on cooling but does not 
crystallize. It stays as a transparent amorphous mass which 
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may be considered as a supercooled solution of the one silicate 
in the other. On long standing certain grades of glass begin 
to crystallize, and this results in an opaqueness and a fragility 
of the glass.. Hard glass, which melts at a higher temperature 
than ordinary, or soft glass, consists of a mixture of potassium 
and calcium silicates. Flint glass contains the silicates of 
lead, barium, and potassium. 


In the manufacture of glass the ingredients are heated in a fire-clay 
pot by gas flames to a very high temperature. All the carbon dioxide 






Copyright by Keystone View Co. 
Fig. 197. Glass bottles are blown in a mold. 


must be expelled from the melt, otherwise bubbles and streaks will 
occur in the product. Traces of metallic oxides added at this point 
produce different colors in the glass. The cheaper grades are often 
somewhat green because of iron oxide. 

Glass is worked into shape by blowing. A mass of the fused glass 
is taken on the end of a long blowpipe, and a skilled workman blows 
it into large cylinders or other desired shapes. Window glass is made 
from cylinders by cutting off the ends, slitting the cylinder length- 
wise, and rolling it out as a plate while it is still soft. Mechanical 
blowers (Fig. 196) have now been introduced for making the larger 
cylinders. The apparatus automatically dips a large pipe into a kettle 
of molten glass, and then gradually raises it, pulling the molten glass 
upward as the pipe rises. A steady stream of air is kept flowing in 
through the pipe. Bottles and similar articles are formed by blowing 
the glass into molds either mechanically or by hand (Fig. 197). 
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Plate glass is manufactured by pouring molten glass on a table, roll- 
ing it with a hot iron, and finally carefully polishing it. Flint glass 
has peculiar optical properties and is used in the manufacture of lenses. 
Because of its brilliant appearance it is also made into ornaments, 
such as cut-glass vessels. The designs are cut by an emery wheel 
and then the object is polished with a very fine abrasive. 


342. Silicon. This element is seldom seen because it is 
reduced from its compounds only with great difficulty. But 
silicon can be prepared by heating pure sand with carbon to a 
high temperature in an electric furnace : 


Sid. + 2C —> Si+2COrT 


It occurs as amorphous silicon in a brown powder and as 
crystallized silicon in black needles. Silicon is used as a 
deoxidizing agent in refining steel and in making iron alloys; 
also as a crystal detector in radiotelegraphy. 

343. Carborundum. If the reaction between sand and 
carbon is carried out under certain conditions with a large 
excess of carbon, a com- 
pound of these two ele- 
ments is formed, known 
as carbon silicide, or car- 
borundum. An electric 
furnace (Fig. 198) similar 
Fig. 198. Section of an electric furnace for to the one used in the 

5 HES manufacture of graphite 
is employed for this purpose. The core of the furnace is a 
mass of granulated coke. A mixture of sand, sawdust, coke, 
and a little salt is piled around the central core. The heat 
generated by the passage of a strong current through the coke 
is sufficient to cause the reaction to take place in the surround- 
ing mass. 

Carborundum is a crystalline solid with a beautiful purple color. 
It is extremely hard and is used as an abrasive in the form of 
grinding wheels and hones, and as a fine polishing powder. 
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344. Natural compounds of aluminum. Although aluminum 
is the most abundant metallic element, it is found in nature 
only in the form of compounds. Bauxite, a hydrated oxide 
of aluminum, is the source of the metal and of most of its 
compounds. In Greenland a double fluoride of aluminum 
and sodium is found which is called cryolite (AIF;-3 NaF). 
Aluminum is also found as a constituent of all the common 
siliceous rocks, such as 
feldspar, clay, mica, and 
slate. Emery,a very use- 
ful and valuable natural 
abrasive, is an impure 
form of aluminum oxide 
(Al,03), colored brown 
by iron oxide. Sapphires 
and rubies, which are 
highly prized as gems, 
are beautifully crystal- 
lized aluminum oxide. 

345. Manufacture of 
aluminum. Because of 
the very great chemical Fig- 199: Diagram illustrating the making of 

as metallic aluminum. 
activity of the element, 
aluminum oxide cannot be reduced to metallic aluminum by 
means of carbon in a furnace. The metal is now obtained 
by the electrolysis of its oxide. The process was discovered 
in 1886 by an American named Hall. The electrolyte for this 
process is a solution of aluminum oxide in fused cryolite; the 
eryolite is not changed during the process but serves only as a 
solvent. The oxide must be very pure and is prepared from 
bauxite by a long and careful process of purification. 





The electrolysis is carried out in the apparatus shown in figure 
199. An iron box is lined with amorphous carbon, which serves as 
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the cathode. The anode is a set of carbon blocks suspended in the 
mixture. The cryolite is melted by the electric ares which are formed 
when the current is first turned on. Aluminum oxide is added from 
time to time as the electrolysis proceeds. The metal is liberated at 
the cathode and collects as a liquid at the bottom of the box, from 
which it is drawn off into suitable molds. Oxygen is liberated at the 
anode and to a large extent burns up the carbon electrodes, which have 
to be renewed frequently. It requires only about 8 volts to keep the 
process going, but a current of several thousand amperes is needed. 


346. Properties. Aluminum is a silver-white metal which 
usually has a rather dull surface due to a thin coating of the 
oxide. It is very light in weight, 
being only one-third as heavy as 
Thermit iron, and is an excellent conductor 
of both heat and electricity. It does 
not work well in a lathe and can be 
soldered only with difficulty. 
Aluminum is a moderately active 
metal, but because of the thin coat- 
ing of adhering oxide which is al- 
ways present it is not acted on by 
moist air, hot or cold water, or di- 
lute sulphuric or nitric acids. Hy- 
Fig. 200. Making molten iron qdrochloric acid acts on it rather 
by the use of thermite. 3 i 5 
rapidly, producing hydrogen. It is 
dissolved by sodium or potassium hydroxide with the forma- 
tion of compounds called aluminates and with the liberation 
of hydrogen: 


6 NaOH + 2 Al —> 2 Na;Al1O; + 3 Het 


347. Uses. Aluminum is not so cheap as steel, and its use 
is therefore restricted to articles in which lightness is a prime 
essential, such as parts of automobiles and airplanes. It is 
sometimes used in the place of copper as a conductor of elec- 
tricity. It is a very satisfactory material for cooking utensils, 
not only because of its lightness, but also because it keeps bright, 
since the thin film of oxide is transparent and protects the metal 
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from further action of the air. Powdered aluminum is used ex- 
tensively as a paint to protect other metals from corrosion. Very 
thin foil made of aluminum is replacing tin foil to some extent. 

There are several important alloys of aluminum. Copper 
containing 5 to 12 per cent of aluminum is called aluminum 
bronze; it has a brilliant golden-yellow color. Magnalium con- 
tains a small amount of metallic magnesium. These alloys 
can be worked more easily than the pure metal. 

348. Thermite. Metallic aluminum is a very powerful 
reducing agent. It reacts with the oxides of many metals, 
producing aluminum oxide 
and the free metal. This 
reaction takes place with 
the evolution of much heat 
and when once started 
proceeds vigorously. A 
mixture of aluminum and 
iron oxide is called ther- 
mite. When this mixture 
is ignited by means of a 
burning strip of magne- 
sium ribbon, a _ reaction 
takes place, and a temperature of 3000° to 3500° C. is reached : 


2 Al + Fe.0; _—_ Al.O3 4 2 Fe 





Fig. 201. Welding rails with thermite. 


Some thermite is placed in a sand crucible and on top of it a little 
heap of the ignition mixture consisting of sodium peroxide and powdered 
aluminum. Into this heap is inserted a piece of magnesium ribbon 
(Fig. 200). The crucible is then set into a pan of sand, and the mag- 
nesium ribbon is ignited. So much heat is developed that great care 
must be taken in doing the experiment. Very soon the crucible will 
contain liquid iron at the bottom and the fused slag on top. This is 
a good example of an exothermic reaction. 


Advantage is taken of this reaction in weiding rails (Fig. 201), 
shafting, and similar objects. The reaction is carried out in a 
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cone-shaped crucible with a bottom opening. Extremely hot 
molten iron collects at the bottom and is allowed to run out 
on to the joint, which has been previously warmed to a red 
heat. The molten iron unites with the warm iron and makes 
a solid weld. 

The same reaction enters into the preparation of manganese 
and chromium from their oxides. A mixture of powdered 
aluminum and the oxide is ignited; the free metal is thus pro- 
duced. 

349. Alumina. Aluminum oxide, or alumina (Al,O;), has 
already been mentioned. As it occurs naturally in a variety 
of forms and is extremely hard, it is extensively used as an 
abrasive. Corundum and emery are natural forms of aluminum 
oxide which are thusemployed. Alundum, an artificial abrasive, 
is prepared by heating the oxide obtained from bauxite in an 
electric furnace until it just melts. Crucibles and muffles are 
often made of alundum because of its extremely high melting 
point. 

The colors of ruby and sapphire, both of which are natural, 
crystallized aluminum oxide, are, as we have said, due to traces 
of impurity. Substances very similar to these are now pre- 
pared artificially by fusing aluminum oxide with a small amount 
of other metallic oxides to give the desired color. These arti- 
ficial gems are chemically identical with the natural ones and 
can be distinguished from them only with great difficulty. 
Their preparation forms a very large and profitable industry. 

350. Aluminum hydroxide. The hydroxide is formed as a 
precipitate when ammonium hydroxide is added to a solution 
of a salt of aluminum: 


6 NH,OH + Als(SO,)3; —> 2 Al(OH); | + 3(NH4)250,4 


When heated, the aluminum hydroxide is decomposed into the 
oxide and water: 
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Aluminum hydroxide has both acid and basic properties. This 
means that it ionizes in two different ways: 


Al(OH); —> Al*+ + 3 OH- 
H;AlO3 — 3H -++ MOG a 


It dissolves in most acids to form soluble salts, and in the strong 
bases to form aluminates : 


Al(OH); + 3 HCl —~ AICl, 38 3 H20 
Al(OH); + 3 NaOH —> Na;Al0; + 3 H,0 


351. Alums. When a solution of aluminum sulphate is 
mixed with a solution of potassium sulphate and evaporated, a 
double salt crystallizes out which has long been known as alum 
(K2SO, - Ale(SOx)3 - 24 H2O). 


We prepare a saturated solution of alum and suspend in it a small 
alum crystal by a thread, as shown in figure 202. The small erystal 
grows and often becomes very nearly perfect. 


This substance belongs to a class of compounds called double 
salts. We do not know the reason for their formation or for 
the way in which the atoms are 
joined together. There are a number 
of double salts which have the same 
crystalline form as ordinary, or 
potassium alum, and which have a Fig. 202. Nursing crystals of 
similar formula; such as ammonium a 
alum (Al:(SO,)3 - (NH,)2SO, - 24 H.O) and chrome alum 
(K2SO, + Cre(SO4)3 - 24 H.O). It should be noted that the last 
substance is called an alum although it contains no aluminum. 
Ordinary alum is the commonest form in which aluminum com- 
pounds are used. 





352. Water purification. When aluminum hydroxide is pre- 
cipitated in muddy water, it has the power of carrying down with it sus- 
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pended particles. This property is used to advantage in the purification 
of water. Alum and lime are added in proper proportions to the con- 
taminated water supply; the aluminum hydroxide which is formed 
carries down the suspended material from the water. 


353. Clay and pottery. The purest form of clay, known as 
kaolin, is an aluminum silicate. This is a white substance 
formed by the decomposition 
of feldspar rock under the in- 
fluence of weather over a long 
period of time. Feldspar is 
a potassium aluminum silicate 
which is slowly converted into 
soluble potassium compounds 
and kaolin. Impure, or ordi- 
nary clay is a mixture of 
kaolin with other substances, 
particularly iron compounds, 
which give it a red color. 


Bricks, tiling, flower pots, and 
similar porous stoneware are made 
of common clay. The elay is 





Copyright by Underwood & Underwood. molded into the desired form and 
Fig. 203. Filling a pottery oven with then baked Oe fired gener- 
_ ware to be baked. ally with gas (Fig. 203). For 


many purposes the porous mate- 
rial must be covered with an impervious glaze. This is done by bring- 
ing salt into contact with the hot surface; a fusible sodium aluminum 
silicate is formed, which flows over it and on cooling solidifies to a hard 
mass. Cheap pottery is made in this way. Clay containing a large 
amount of silica is used for preparing fire bricks, stove linings, and 
other materials which are to be subjected to a very high temperature. 


354. Porcelain. The pottery just described which is made 
by baking impure clay and putting on a superficial glaze is, 
as we have said, not of a very good quality. The better grades, 
porcelain and china, are made from pure white kaolin, feldspar, 
and quartz. The materials are ground fine, mixed with water, 
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and molded into the desired shape. This may be done by hand 
with the help of a potter’s wheel, or the mixture may be poured 
into a mold of plaster of Paris. When dry, the object is baked 
at a relatively low temperature until it is firm and hard but 
still porous. It is then covered with a thin coating of feldspar 
and silica and heated at a higher temperature and for a longer 
time. The thin coating melts and forms a glaze; according 
to the length of time of heating and the composition of the 
material, the latter also partially melts and fuses with the glaze. 
In such articles the glaze and the body of the material are thus 
melted practically into one mass. Colored decorations are 
put on by adding colored oxide to the coating which subse- 
quently becomes the glaze. 


SUMMARY OF CHAPTER XXVIII 


SILICON is a very abundant element which belongs to the 
carbon family. It can be prepared by heating sand and carbon 
in an electric furnace. With an excess of carbon a carbon silicide, 
carborundum, is formed. 

SILICA is silicon dioxide, which is widely distributed as sand. 
Laboratory apparatus can be made from fused silica. Silica is 
dissolved by hydrofluoric acid and slowly by sodium hydroxide. 

SILICATES are salts of silicic acid. This acid on heating de- 
composes into the oxide and water. The silicates are insoluble 
except those of sodium and potassium. 

GLASS is a mixture of silicates. It is an amorphous solid. 
Ordinary glass is a mixture of sodium and calcium silicates. Hard 
glass contains potassium silicates. Flint glass contains the sili- 
cates of lead, barium, and potassium. 

ALUMINUM occurs very extensively as oxides and silicates. 
The metal is made by electrolysis of the oxide dissolved in fused 
cryolite. 

The metal is not attacked by moisture or air because of a thin 
coating of oxide. It dissolves in hydrochloric acid and in alkali 
solutions. 
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THERMITE is a mixture of iron oxide and metallic aluminum. 
When ignited, metallic iron is produced at a very high temperature. 
Thermite is used in welding. 

ALUMINUM OXIDE (alumina) is used as an abrasive and in 
the preparation of artificial gems. 

ALUMINUM HYDROXIDE is both acidic and basic. It forms 
salts with acids and aluminates with bases. Certain double 
salts of aluminum are called alums. 

CLAY is essentially an aluminum silicate. It can be baked 
into a hard porous form. A glaze can be put on by a suitable 
process. 


QUESTIONS AND PROBLEMS 


1. Name five important uses for silica. 
2. What is the difference between water glass and ordinary glass? 
3. What advantages has quartz glass for chemical apparatus? 
what disadvantages ? 
4. Compare carbon and silicon. 
5. Why is an ordinary window not so smooth as plate glass? 
6. How would you expect a solution of water glass to react with 
litmus? Explain. 
7. Why is it sometimes difficult to remove the ground glass 
stoppers from bottles containing ammonium hydroxide? 
8. What is the difference between silicon carbide and carbon 
silicide? : 
9. Name the ingredients of three different varieties of glass and 
give uses for each variety. 
10. What has made aluminum a comparatively cheap metal? 
11. If aluminum is the most abundant metallic element, why is it not 
the cheapest metal ? 
12. Why does the price of aluminum depend on the cost of elec- 
tricity ? 
13. What are the especial advantages of aluminum for kitchen 
utensils ? 


14. What are the advantages of the thermite method of welding 
over other methods? 
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15. What would be the reaction of a solution of aluminum sulphate 
on litmus? Explain. 


16. Make a list of the metals prepared by electrolysis. 

17. Write the equation for the reaction of aluminum on hydro- 
chlorie acid. 

18. How many liters of hydrogen (standard conditions) could be 
generated by the action of hydrochloric acid on 1 kilogram of 
aluminum ? 

19. Compare aluminum oxide and silicon dioxide. 

20. Write the equation for the hydrolysis of aluminum chloride. 


21. Calculate the percentage of water of crystallization in common 
alum. 


22. Write the equation for the reaction of alum and lime 
(Ca(OH):). 

23. Name two solid substances which are prepared commercially 
by heating sand with carbon. 

24. Make a list of the abrasives mentioned in this chapter and 
give the formula of each. 


TOPICS FOR FURTHER STUDY 


Glass and pottery. A number of industries and arts were developed 
long before the beginnings of the science of chemistry. Skilled crafts- 
men found by experience methods of producing such substances as 
glass and pottery. What chemical principles have recently been 
applied to these industries to bring about great improvements and 
economies? (Duncan’s Chemistry of Commerce and Findlay’s Chem- 
istry in the Service of Mankind.) 

Products of the electric furnace. What substances are now manu- 
factured with the aid of the electric furnace? Would it have been 
possible to produce these materials before the electric generator was 
invented? How does this use of the electric current differ from that 
in the production of sodium hydroxide and chlorine or metalli«¢ 
aluminum? (Duncan’s Chemistry of Commerce, Slosson’s Creative 
Chemistry, Cressy’s Discoveries and Inventions, and J. C. Philip’s 
Romance of Modern Chemistry.) 


CHAPTER XXIX 
MAGNESIUM AND CALCIUM 


Magnesium, its preparation and properties — magnesium 
oxide and hydroxide — magnesium salts. 

Calcium, its preparation and properties —caleium ear- 
bonate — hard water — methods of softening water — lime 
— calcium hydroxide — mortar — cement — other calcium 
compounds. 

Strontium and barium. 


355. General characteristics. We shall now study two 
important elements, magnesium and calcium. Besides these 
there are two other less important elements, strontium and 
barium, belonging to the same family. This family is some- 
times called the alkaline earths. These elements are all very 
active metals which form positive divalent ions; they show no 
nonmetallic properties. We shall find that the properties of 
the metals and their compounds vary in the order of the atomic 
weights. 


MAGNESIUM 


356. Compounds found in nature. Magnesium occurs as 
magnesite (MgCO;) and as a double carbonate dolomite 
(MgCO;* CaCO). There are also several natural silicates of 
magnesium which are familiar and useful substances. These 
are meerschaum, talc or soapstone, and asbestos. Soapstone 
is used for sinks and table tops and when powdered is known 
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as talcum powderor French chalk. Asbestosis a fibrous mineral, 
which is manufactured into fireproof cloth and cardboard. In 
the Stassfurt deposits magnesium occurs as a sulfate and as a 
double chloride with potassium. 

357. Preparation and properties of the metal. Metallic 
magnesium is made by the electrolysis of fused salts, in the 
same way that such metals as sodium and aluminum are pre- 
pared. A mixture of magnesium, potassium, and sodium 
chlorides is used. A carbon rod forms the anode and an iron 
crucible the cathode. The molten metal collects on the sides 
and bottom of the crucible. When cold the mass is broken 
up and the metal removed. It is usually put on the market 
in the form of a fine powder or as a thin ribbon. 

Magnesium is attacked by moist air and forms a white 
crust consisting of basic magnesium carbonate. It burns in 
air with a brilliant white light, producing the oxide (MgO) 
and the nitride (Mg;Ne); flashlight powder consists of a 
mixture of magnesium powder and potassium chlorate. Cer- 
tain kinds of signal lights and fireworks contain powdered 
magnesium. The metal reacts slowly with boiling water to 
form hydrogen: 


Me + 2 HO —> Mg(OH), + Hot 


It displaces hydrogen rapidly from cold dilute acids. 

358. Magnesium oxide and hydroxide. The oxide (MgO) 
is made by heating magnesium carbonate ; it is called magnesia. 
It is a very infusible substance and is used for making fireproof 
bricks and the linings for high-temperature furnaces. It com- 
bines slowly with water, forming a hydroxide (Mg(OH).). 
This hydroxide is an insoluble white substance which finds 
some uses in medicine under the name of milk of magnesia. 
It is also formed when a soluble base like sodium hydroxide is 
added to a magnesium salt : 


MgSO, + 2 NaOH —> Mg(OH), | + Na.SO, 
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359. Magnesium salts. Magnesium carbonate (MgCOs) 
occurs naturally and is the source of magnesium oxide and 
hydroxide. It is insoluble in pure water but soluble in water 
containing carbon dioxide. A magnesium bicarbonate is formed : 


MgCo; H.CO; —_—> Mg(HCOs)2 


Magnesium sulphate (MgSO,) is a constituent of some 
natural waters and occurs in certain salt deposits. It is often 
called Epsom salts and is used in medicine because of its laxative 
properties. ,Magnesium chloride is found in sea water. In 
hot water this salt forms hydrochloric acid by hydrolysis : 


MgCl, + H.O —> MgO + 2 HCl 


The acid corrodes metals, and hence sea water cannot be used 
in ships’ boilers. 


CALCIUM 


360. Preparation and properties of the metal. Metallic 
calcium also is made by the electrolysis of a fused salt. Calcium . 
chloride is used for this purpose. 


The salt is fused in a graphite crucible, which forms the anode, 
and an iron rod is used as the cathode. The metal which is liberated 
around the rod adheres to it, and as this rod is gradually raised a stick 
of metallic calcium is pulled from the melt. It is a silver-white metal 
about as hard as lead and cannot easily be cut with a knife. It has a 
brilliant luster which is soon dulled by moist air. Water is slowly 
decomposed by calcium, and hydrogen is evolved: 


Ca + 2 H,O — > Ca(OH). + Haft 


When heated to a temperature above its melting point it burns bril- 
liantly, forming the oxide (CaO). Metallic calcium has few commer- 
cial uses. 


361. Calcium carbonate (CaCO;). This compound is the 
commonest form in which calcium isfound. The purest variety 
is Iceland spar, which is crystalline and as transparent as glass. 
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Marble is almost pure calcium carbonate. It is composed of 
a mass of tiny crystals cemented together and is often as white 
as snow. Limestone is the most abundant form of calcium 
carbonate, but shows less of the crystalline structure than 
marble and is often of a cloudy gray color. We believe that 
limestone was formed in some previous geological age from the 
shells of sea animals. 

Calcium carbonate is insoluble in water but like the mag- 
nesium compound is soluble in water containing carbonic acid, 
producing calcium bicarbonate : 


CaCO; = H.CO; —> Ca (HCOs)2 


Calcium carbonate reacts with acids, giving carbon dioxide: 


CaCO; + 2 HCl —> CaCl, + H.O + COzt 


Pure calcium carbonate can be made in the laboratory by 
adding some soluble carbonate to a soluble calcium salt : 


NasCO; + CaCl, sss CaCO; | + 2 NaCl 


Prepared in this way it is a white powder called precipitated 
chalk (not crayon) and is used in polishing powders (tooth 
paste) ; as whiting it is mixed with linseed oil tomake putty. The 
natural forms of calcium carbonate are put to many uses besides 
that of preparing lime and carbon dioxide; for example, it is 
used as a flux in blast furnaces, in making soda and glass, as well 
as for a building stone and as ballast for roads. 

362. Hard water. All natural water except rain water 
contains a certain amount of dissolved salts. Water in which 
there is a considerable amount of certain dissolved material is 
called hard water. 

Magnesium and calcium bicarbonates are among the chief 
ingredients of the hard water which is found in some localities. 
These materials can very easily be dropped out of solution by 
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simple boiling; carbon dioxide is expelled and the insoluble 
carbonate is precipitated : 


Ca(HCO;)2 —> CaCO;}-+ HO + COs1 


The hardness due to these salts is called temporary hardness. 
Salts such as magnesium sulphate and calcium sulphate can- 
not be removed by simple 
boiling, and water contain- 
ing them is said to be per- 
manently hard. In certain 
limestone regions all the 
water contains a great deal 
of temporary hardness. If 
it drips from some high 
place, as for instance from 
the top of a cave, it loses 
some of its carbon dioxide 
and slowly precipitates 
calcium carbonate. This 
material often accumulates 
in the form of long strips 
like icicles. The stalactites 
, and stalagmites found in 
Copyright by Pub. Photo Servtce. certain limestone caves are 
Fig. 204. Limestone caves— stalactites formed by this process (Fig. 

and stalagmites. 
204). 

Hard water is very undesirable for industrial and household 
use for two reasons. In the first place, when such water is 
used in a boiler, it deposits on the inside a heavy: crust called 
beiler scale. This crust is a very poor conductor of heat and 
greatly cuts down the efficiency of the boiler (Fig. 205). In 
the second place, hard water is unsuitable for washing pur- 
poses because it will not easily form a lather with soap. Soap 
reacts with salts of calcium and magnesium, producing in- 
soluble calcium and magnesium salts of the fatty acids: 
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2 Ci7H3;COONa ao MgSO, _> (Ci7H3;COO).Mg + Na.SO, 


These salts (often called calcium or magnesium soaps) are 
insoluble and form sticky particles in the water. Considerable 
soap must be used up in this way before : 
the colloidal solution of soap is produced 
and a lather can be formed. This is, of 
course, very wasteful. 





363. Methods of softening water. 
Hardness may be removed from water by a 
number of different methods; the process is <a 
called softening water. Temporary hardness Fig. 205. Boiler scale in 
may be removed by boiling the water for a short a tube. 
time; the insoluble carbonates are thus precipitated : 


Ca(HCOs). _> CaCO; J +H:,0 +CO2t 
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Temporary hardness can also be removed by the action of lime; this is 
done by stirring the water with the exact amount of lime necessary 
to cause the following reaction to take place: 


Ca(HCO;)» +Ca(OH). —>2 CaCO; +2 HO 


The precipitate is then filtered from the softened water. 

Permanent hardness cannot be removed by these methods. Sodium 
carbonate will remove permanent hardness by precipitating calcium 
or magnesium carbonates : 


CaSO, + Na2zCO; — > CaCO;)+ NaSO, 


Industrially the softening of water is carried out on a large scale, 
and the precipitated material is filtered off from the water, which is 
then ready for use. In the household the softening is often brought 
about on a small scale by the use of certain preparations which are 
widely sold. Sodium carbonate under the name of washing soda 
is often employed. A small amount of it is added directly to the water 
before the soap is introduced. It removes all temporary and perma- 
nent hardness, as just explained. An excess of sodium salts has no 
deleterious effect on the soap. Ammonium hydroxide under the name 
of household ammonia is often employed in washing. It precipitates 
calcium carbonate from temporary hard water and from water con- 
taining both permanent and temporary hardness. Ammonium 
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carbonate, formed from the calcium bicarbonates, acts like washing 
soda in removing permanent hardness : 


Ca(HCOs;)2 + 2 NHs;OH —+ CaCO; } + (NH,)2CO; + 2 H,0 
CaSO, + (NH4),CO; ——- CaCO; | ok (NH,).S0O, 


Magnesium salts cannot be precipitated in this way. Borax (Na2B,0;) 
is a salt of a very weak acid, and therefore its solution contains sodium 
hydroxide, which acts like am- 
monium hydroxide in softening 
the water. 

A new method of softening 
water, called the permutite pro- 
cess, consists in filtering the water 
through an artificial sodium silico- 
aluminate. The calcium and mag- 
nesium in the water are exchanged 
for sodium in the permutite, a 
coarse sand-like material (Fig. 
206). After 12 hours’ use one 
tank (Fig. 207) is filled with brine 
and allowed to stand the same 
length of time, while the sodium 
in the brine replaces the calcium 
in the filter. Then the calcium 
chloride solution is drained off 
and the filter is again ready for 
use. Thus we see that only salt 
is consumed, and the original 
charges last for years. 

For convenience, the  per- 
mutite radical may be indicated 
by Pe and the process of softening water as follows: 


Na,Pe + CaSO, —»> CaPe + NaSO, 





tank. 


The reaction for the regeneration of the filter by brine is as follows: 
CaPe + 2 NaCl —» Na,Pe + CaCl 
364. Lime, or calcium oxide (CaO). When limestone 
(CaCOs) is heated it gives off carbon dioxide, and calcium 
oxide is left as a solid: 
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This reaction is reversible, 
and unless the gas is con- 
tinually removed the ac- 
tion works backward. The 
_ process is carried out on a 
large scale in a furnace 
called a kiln (Fig. 208). 


The hot gases from a suitable 
fire pass through the coarsely 
ground limestone, which is thus 
heated to the desired tempera- 
ture. The calcium carbonate 





Fig. 207. Permutite water-softening plant. 


decomposes according to the reaction previously given, and the carbon 
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Fig. 208. Modern limekiln. 






dioxide is removed by a strong 
draft through the kiln. In this 
way the action goes to completion 
at about 700° to 800° C. The 
product is often called quicklime. 


365. Properties and uses of 
quicklime. Quicklime is a white 
amorphous substance. It can 
be melted only with the great- 
est difficulty. When heated 
strongly, it glows witha brilliant 
light and hence was formerly 
employed in limelights. Cal- 
cium oxide combines with water 
very rapidly and vigorously to 
form calcium hydroxide : 


CaO + H,O —> Ca(OH): 


The reaction takes place with 
the evolution of much heat ; it 
is called slaking. When ex- 
posed to air, quicklime slowly 
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absorbs carbon dioxide and moisture. It is then said to be 
air-slaked and cannot be used for most purposes. 

366. Calcium hydroxide, or slaked lime (Ca(OH),). The 
chief use of quicklime is in the preparation of calcium hydroxide, 
or, as it is often called, slaked lime. The hydroxide is a white 
substance, only slightly soluble in water. A clear solution is 
called limewater. A suspension of the hydroxide in water is 
called milk of lime and is generally employed when we wish 
to use calcium hydroxide. 

Calcium hydroxide is a fairly strong base although we cannot 
obtain concentrated solutions of it because of its insolubility. 
In dilute solutions it is almost completely ionized. It is a 
very cheap substance and is therefore selected whenever an 
alkali is desired of which a concentrated solution is unnecessary. 
It is used to remove the hair from hides. Finely ground lime- 
stone and air-slaked lime are added to soils to neutralize their 
acidity. Lime is also employed very extensively as whitewash 
and in the preparation of plaster and mortar. It is usually 
prepared as needed by the slaking of quicklime ; it is the latter 
substance which is generally sold under the name of lime. 

367. Mortar and plaster. Mortar is a mixture of slaked lime 
and sand. It is used for holding together bricks and stone in 
the construction of buildings, walls, ete. It is exposed to the 
air for a long period in contact with a porous surface and under 
these conditions sets to a hard mass, which effectively binds the 
materials together. The setting of mortar is due largely to 
the absorption of carbon dioxide from the air and to the pro- 
duction of calcium carbonate : 


Ca(OH), + CO, —> CaCO; + HO 


We may put some pieces of old plaster in a test tube and add 
hydrochloric acid. The effervescence shows the presence of the 
carbonate. The sand is left behind undissolved by the acid. 


Some of the moisture in the original mortar is lost by evapora- 
tion and through the porous bricks; this contributes also to 
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the formation of a firm, hard mass. The crystals of calcium 
carbonate interlace with the sand and form a rigid though 
porous structure. This porous structure facilitates the en- 
trance of more carbon dioxide into the interior of the mass and 
enables all the mortar to set. 

Plaster is also made from freshly slaked lime and sand, but it 
generally contains hair in addition. This material serves to 
hold it together. The setting of plaster is exactly like that of 
mortar. Recently a mixture of lime and cement has come 
into use, which makes the use of hair unnecessary. An outer 
coating consisting of lime and plaster of Paris together with a 
little glue is put on when the plaster is nearly dry. 

Plaster of Paris is made by heating gypsum (CaSO, - 2 H20) 
until about three-fourths of the water of crystallization is 
driven off: 


2 CaSO, - 2 H2O —> (CaSO,)2 - H20 + 3 HO 


gypsum plaster of Paris 


We mix enough plaster of Paris with water to make a stiff paste. 
We then put a medal on a glass square, oil them both, and pour the 
paste over the medal allowing it to dry for half an hour; the plaster 
cast is then removed. 


Plaster of Paris takes up water of crystallization and forms 
a hard mass. It is therefore also useful for making copies of 
statuary and for surgical bandages. 

368. Cement. Mortar depends for its setting on the loss of 
moisture and absorption of carbon dioxide. For this reason 
it cannot be used under water. A material called cement will 
set to a hard rock-like mass even under water; it can therefore 
be employed in the construction of dams, foundations for 
bridges, and similar objects. It is also superior to mortar and 
plaster in strength and firmness. 


Cement is made by heating a mixture of limestone and clay, or of 
natural rocks which have these constituents in the proper proportion. 
The mixture is pulverized to a fine powder and slowly fed into an 
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inclined revolving cylinder, through which hot gases from a fire are 
passed (Fig. 209). In this way the material is subjected uniformly 
to the required temperature and finally falls out of the end of the 
revolving cylinder. The ‘“ clinker,’ as it is called, is cooled and 
ground to a very fine powder. In the process of 
heating, a certain amount of water and carbon 
dioxide is driven off from the mixture. When 
this dehydrated powder is made into a paste with 
water, it slowly unites with some of the water and 
forms a material as hard as rock. It resembles 
a stone found in Portland, England, whence the 
name Portland cement. 
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Fig. 200. Rotary cement furnace. 


The chemistry of the setting of cement is not well under- 
stood. It involves the hydration of the silicates in the mixture - 
and probably also of calcium oxide. The crystals of the 
hydrated silicates and of calcium hydroxide interlace and form 
a hard and compact mass. 

Concrete is a mixture of cement, sand, and crushed stone 
or gravel made into a paste with water. It sets in the course 
of a few days to a solid mass, which is much harder and has 
greater strength than pure cement. Cement is never used 
alone but always as an ingredient of concrete. The latter has 
rapidly come to be one of the most important of building 
materials. It is used for making bridges, foundations, dams, 
walks, fences, and almost every sort of conceivable structure. 
When the concrete is to stand any severe tensile stress, as in 
the case of floors of buildings, steel rods or bands are embedded 
in it before it sets. This gives the mass much greater strength ; — 
such a material is called reénforced concrete (Fig. 210). 
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369. Other calcium compounds. Among the other important 
compounds of calcium are bleaching powder (CaCl(OCl)), calcium car- 
bide (CaC;,), and calcium cyanamide (CaCN,), all of which are pre- 
pared from lime. Calcium chloride (CaCl) is found in sea water and 
is also a by-product of the Solvay process. In granular anhydrous 
form it is very deliquescent and hence is used for drying gases. A 
saturated solution freezes at.-48° C.; it forms the brine in refriger- 
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Fig. 210. Reénforced-concrete building in process of construction. 


ating appliances. Calcium fluoride (CaF) occurs naturally and is 
the chief source of fluorine compounds. 


All calcium compounds give to a Bunsen flame an orange color, 


STRONTIUM AND BartumM CoMPOUNDS 


370. Strontium and barium occur in nature as sulphates and 
carbonates. Their compounds are much rarer than those of 
calcium and they find only a few limited uses. Bariwm com- 
pounds color flames a yellowish green and for this reason are 
used in the manufacture of fireworks. 
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We pulverize separately and with great care equal volumes of barium 
nitrate, potassium chlorate, and gum shellac, mix the powders gently 
but thoroughly on a piece of paper, place the mixture in an iron pan, 
and set fire to it. This makes green fire. 


Barium chloride is a crystalline solid which is soluble in 
water. It is used in the laboratory as a test for sulphuric acid, 
barium sulphate being formed as a white precipitate: 


BaCl, ob H.SO, — BaSO, | + 2 HCl 
Barium sulphate occurs naturally as barite, a white mineral 
which is used in the manufacture of paint and in coating paper. 


Strontium compounds burn with a bright red flame. The 
nitrate (Sr(NQO3)2) is used as red fire in pyrotechnics. 


SUMMARY OF CHAPTER XXIX 


METALLIC MAGNESIUM is prepared by the electrolysis 


of fused magnesium salts. It is an active metal and unites with 
nitrogen. It burns with a very intense white light and is used in 
flash-light powders, fireworks, and in the alloy magnalium. 

MAGNESIUM OXIDE is prepared by heating the carbonate. 
It is very infusible and is used for making fire bricks. Magnesium 
hydroxide is a white insoluble substance. 

METALLIC CALCIUM is prepared by the electrolysis of fused 
calcium chloride. It slowly decomposes water at room temper- 
ature. 

CALCIUM CARBONATE occurs in many forms, such as marble, 
limestone, and chalk. It is insoluble in pure water but soluble 
in water containing carbon dioxide, the bicarbonate being formed. 

HARD WATER contains dissolved salts. If the dissolved 
material is calcium or magnesium bicarbonates it can be thrown 
out of solution by boiling. This is called temporary hardness. 
Hardness which cannot be removed in this way is called permanent 
hardness. 

Hard water forms a crust in boilers and precipitates calcium 
and magnesium soaps with soap solutions. Temporary hardness 


Biel we 


QUESTIONS AND PROBLEMS 359 


can be removed (1) by boiling or (2) by slaked lime. Permanent 
hardness can be removed by sodium carbonate. Sodium car- 
bonate, ammonium hydroxide, and borax are used in the house- 
hold for softening water. Permutite is used for softening water 
for industrial purposes. 

LIME (calcium oxide) is made by heating calcium carbonate. 
Lime rapidly and energetically combines with water, forming 
calcium hydroxide (slaked lime). Calcium hydroxide is only 
slightly soluble in water. 

MORTAR is a mixture of calcium hydroxide and sand. It hardens, 
or sets, by the evaporation of water and the absorption of carbon 
dioxide. Plaster is a mixture of calcium hydroxide, sand, and 
hair. 

CEMENT is a partially dehydrated mixture of limestone and 
clay. When mixed with water it sets to a hard mass. This 
setting is due to the hydration of certain silicates and calcium 
oxide. Concrete is a mixture of cement, sand, and gravel. 

Calcium compounds give an orange flame. 

Strontium compounds give a crimson flame. 

Barium compounds give a greenish flame. 


QUESTIONS AND PROBLEMS 


1. What properties have the metals of this family in common? 


2. Write the equation for the reaction of magnesium and dilute 
sulphuric acid. 


3. How could you distinguish between Epsom salts and Glauber’s 
salt? 


4. In what two different ways could you obtain carbon dioxide 
from magnesite? Write the equations. 


5. How could you show that the alkali metals are more active 
than the metals belonging to the family of alkaline earths? 


6. What is the difficulty about using hard water in the household ? 
7. What are the consequences of using hard water in a steam 
boiler ? 
8. What are the results of using sea water in a ship’s boiler? 
9. What is the difference between air-slaked lime and limewaiter? 
10. Why is it dangerous to let barrels of quicklime get wet? 
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11. Compare the hardening of mortar with the hardening of plaster 
of Paris. 

12. Explain why air-slaked lime can be used to ‘‘ sweeten ” soil. 

13. Could you use a barium hydroxide solution in place of limewater 
in testing for carbon dioxide? 


14. Write the equation for making calcium hydroxide into caleium 
acid sulphite (Ca(HSOs3)2). 
15. How could you obtain barium sulphate from barium chloride? 


16. How much quicklime could be made from one ton of lime- 
stone which is 97% pure calcium carbonate? 


17. What weight of water would be needed to slake the lime made . 


in Problem 16? 


18. How many liters of carbon dioxide at 18° C. and 75 em. pres- 
sure could be obtained from 1 kilogram of caleium carbonate? 


REVIEW QUESTIONS 


1. What is bleaching powder? How is it made? 


2. Name not less than five elements which would color a Bunsen 
flame and give the color in each ease. 


3. Give the formula and state one use of each of the following: sal- 
ammoniac, cream of tartar, graphite, plaster of Paris, cooking soda, quick- 
lime, vinegar. 

4. State briefly how you would prove that the atmosphere contains 
(a) nitrogen, (b) carbon dioxide, (c) water vapor. 

5. What elements occur commonly in organie substances? How 
can their presence be shown? 


Topic FOR FURTHER STUDY 


Soft and hard water. Is the water used in your household soft? 
How easily does it lather with soap? Compare it with rain water. 
Does any precipitate form on the inside of the teakettle? How effec- 
tive is washing soda in removing any hardness which you may find? 
Try some of the cleansing or soap powders recommended for use with 
hard water. How is water purified for industrial use? (Thorp and 
Lewis's Outlines of Industrial Chemistry.) 
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CHAPTER XXX 


IRON AND STEEL 


Tron ores — smelting — blast furnace — east iron — 
wrought iron — steel — microscopic study of iron — crucible 
steel — Bessemer steel — open-hearth process — electric 
furnace — hardening and tempering of steel — case harden- 
ing — special steels and iron alloys — comparison of irons 
and steels. 


371. Importance of iron. Iron is doubtless the most 
valuable metal in the world. Not that it is so costly; 
indeed, its value rests upon its cheapness and its adaptability 
to an enormous number of uses. It has in fact become a 
necessity in our modern life, and we are said to live in the 
age of steel and concrete. For the development of the iron 
and steel industry chemical knowledge and engineering have 
been required. In our present chapter we shall discuss methods 
of iron and steel production. 


$72. Iron ores. The principal compounds of iron which 
occur naturally are various forms of the oxide, the carbonate, 
and the sulphide. Of these the oxides are the chief source of 
metallic iron. The most important iron ores are hematite 
 (Fe,03), magnetite (Fe;0,), limonite (Fe,03;*3 HO), and 
siderite (FeCOs). 

Metallic iron is obtained from these oxides by the action of 
carbon and carbon monoxide at a high temperature. The pro- 
duction of a metal from its ores is often called smelting. Iron 
ore is never pure iron oxide but always contains certain amounts 
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of other mineral matter, such as quartz or limestone. For this 
reason the smelting must be done in such a way that these 
impurities can be conveniently removed. 


373. The blast furnace. The production of iron from its ores is 
carried on in an apparatus called a blast furnace. It consists of an 
iron structure 60 to 90 feet high lined 
with fire brick (Fig. 211). Near the 
bottom of the furnace are a number of 
pipes called tuyeres, which allow a 
stream of hot air to be blown into the 
furnace. This air is usually dried by 
first cooling it to a low temperature, 
the water condensing out in the form 
of ice. Before the dry air enters the 
furnace it is preheated by means of the 
so-called stoves shown as towers in the 
picture (Fig. 212). The charge consists 
of a mixture of the ore, coke, and a sub- 
stance called a flux. The purpose of the 
flux is to combine with the rocky im- 
we purities in the ore. When the impur- 
late ity is mostly silica, the flux is lime- 
stone; if the impurity is limestone, the 
flux is silica. The resulting compound 
Slag Hotel 17) XG velten Iron in either case is calcium silicate and is 
called slag. The slag melts at a lower 

: : temperature than either the impurities 

wee aoe oar or the flux, and this causes the whole 

mass to begin to soften at a relatively 
lower temperature; hence the name flux (a flowing). The heat re- 
quired for the process is generated by the combustion of the coke in 
the lower half of the furnace. Carbon dioxide is first formed but 
is immediately reduced to carbon monoxide by the red-hot coke. 
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Carbon monoxide ascends and meets the iron oxide in the upper half 


of the furnace and there reduces it to iron: 
FeO; +3 O32 Fe +3 CO, 


This reaction is reversible, and it is necessary to have an excess 
of carbon monoxide in order to carry it through. Therefore the gases 
which escape contain 20 to 35 per cent of carbon monoxide. They 
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are combustible and are burned 
in the stoves which preheat the 
incoming air. 

The charge is fed in through 
the hopper at the top and 
slowly descends through the 
furnace. The iron and slag be- 
gin to melt and flow when they 
reach the lower part of the fur- = 
nace. The complete reduction J 
of iron oxide then takes place 
by means of hot carbon: 


Fe.0; + 3 C—>2 Fe +3 CO 





The slag and the molten iron | 


form two layers; the latter, be- Fig. 212. Blast furnace and its stoves. 
ing heavier, is at the bottom. 

The furnace is tapped from time to time at the proper points, and the 
iron and slag are separately run off. A blast furnace is kept in con- 
tinual operation; it is not necessary to interrupt it until the lining 
has been worn out. Figure 213 shows by a diagram what goes into the 
furnace and what comes out. 


374. Cast iron. The molten iron from the blast furnace is 
run into sand molds or a continuous belt of iron molds (Fig. 
214); the resulting metal is 
called cast iron or pig iron. It 
is impure metallic iron and con- 
tains about 5 or 6 per cent 
of impurities including silicon, 
manganese,sulphur, phosphorus, 
and carbon. The latter is pres- 
- ent in relatively large amounts, 
varying from 3 to 5.5 per cent. 
The other impurities exist in 
Chiefy Casio, 1e88 amounts. Pure iron melts 
at 1510° C., but because of the 
a pat neo e Set presence of the impurities cast 
furnace. iron melts at about 1100° C. 











CaCOg\or Si O2 
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Pig iron can therefore be easily remelted and cast into any de-— 
sired form. It expands on solidifying, and consequently the 

metal fills all the details of the mold and makes a very satis- 

factory casting. It is, however, brittle and has a rather low: 
tensile strength. It cannot be welded. It is used for making 

such things as stoves, radiators, ornamental iron work, base 

plates, and other heavy parts of machines. 





Fig. 214. Pouring molten iron into molds on an endless belt. 


375. Wrought iron. Most of the impurities in cast iron 
can be removed by heating pig iron in contact with iron ore. 
This is done in a reverberatory furnace (Fig. 215). The hot 
products of combustion, which are deflected by the low roof, 
play upon the pig iron and melt it. Workmen with long rods 
stir the molten iron on a bed of iron ore and in this way bring 
it thoroughly into contact with the oxide, which in turn oxidizes 
the carbon and sulphur to volatile oxides. The phosphorus and 
silicon are oxidized to their oxides, and these combine with 
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lime or some other basic oxide which is present and form a 
slag. As the impurities are extracted from the iron its melting 
point rises and it becomes thicker and thicker. Finally it is 
removed in balls on the ends of the iron rods. While still hot 
these balls are pressed out 

into bars, and the product | 

is known as wrought iron. 

Wrought iron is a fairly = 
pure iron (table on page |Z pu ? 
374) except for the small y 
amounts of slag which |_2 [as | 
always remain in it and 
give to it its fibrous struc- 
ture, It is extremely tough and hence is used ‘in the manufac- 
ture of articles, such as anchors and chains, which must stand 
severe and sudden stresses. It is not brittle and can readily be 
welded. 

376. Steel. The amount of carbon in iron greatly influences 
its properties. It is probably present in the-form of a com- 
pound called iron carbide, or cementite (Fe;C). Wrought 
iron contains less than 0.2 per cent of carbon; cast iron, as 
we have seen, from 3 to 5.5 per cent. Between these extremes 
lie materials which are called steel and which contain usually 
between 0.60 and 1.5 per cent of carbon. As a matter of fact, 
considerable steel (called mild steel) is now manufactured 
which, as far as its carbon content is concerned (less than 0.2 
per cent), is not different from wrought iron. Steel is more 
uniform and freer from slag than wrought iron. It also has a 
greater tensile strength. Wrought iron is always hammered 
out into the desired shape, whereas steel is first poured into a 
mold and the ingot is subsequently given a mechanical treat- 
ment, generally while still hot. In contrast with cast iron, 
steel is malleable and can be forged and rolled; as a rule it is 
not brittle and can be welded. Steel containing more than 
about 0.5 per cent of carbon can be hardened and tempered in 
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such a way that it becomes very hard and brittle; wrought 
iron, cast iron, and mild steel cannot be hardened. 

377. Microscopic study of iron and steel. In recent years 
the microscope has been used to study the structure of metals. 
When a specimen of iron or steel is polished and then suitably 
etched with weak acids, it is possible to detect certain character- 
istic crystalline formations under the microscope. Figure 216 
shows such microphotographs of wrought iron, soft steel, and 





Courtesy of Sauveur & Boylston. 


Fig. 216. Microphotographs of wrought iron (1), soft steel (2), and hardened 
tool steel (3). 


hardened tool steel. This study is known as metallography, 
and has already been the means of discovering a close relation 
between the microstructure and the physical properties of 
metals. 


378. Crucible steel. Small quantities of steel of a high quality 
are made by melting together in clay crucibles a mixture of iron and 
small amounts of iron oxide or charcoal. The iron which is taken 
for this purpose is usually scrap steel, wrought iron, and occasionally 
some very pure pig iron. If there is more carbon in the iron than is 
desired in the steel, a small amount of iron oxide may be added to 
oxidize part of it to carbon monoxide, which escapes. If, on the other 
hand, the iron is too low in carbon, charcoal is put into the mixture 
at the start. In making crucible steel it is possible to add any given 
substance to the melt in order that the desired product will be obtained. 
This process is essentially a simple mixing and melting together of 
the required ingredients; relatively pure iron, however, must be used 
in the process. 
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379. Bessemer steel. To convert ordinary cast iron into 
steel we must remove a large amount of the nian This 
can be done by the Bessemer 
process. 

In this process an apparatus 
called a converter (Fig. 217) is em- 
ployed; this is made of steel and 
is usually lined with silica brick. 
It has a false bottom so that a 
stream of air can be introduced. 
The melted pig iron is run into 
such a converter, which holds 
about 15 tons, and air is blown _ = aos 
iimsvel the molten mass. The “777 Section of a Bessemer 
carbon, silicon, and manganese 
are oxidized, and the heat of this oxidation is sufficient to keep 
the mass fluid, although the impurities are removed as the 
melting point rises. The 
impurities are oxidized first, 
and the process is stopped 
before the iron itself begins 
to oxidize. As soon as the 
character of the flame (Fig. 
218) shows that all the car- 
bon has been burned away, 
just the desired amount of 
carbon (usually in the form 
of a high-carbon iron alloy) 
is added and allowed to mix 
with the liquid iron. The 
whole process is usually 
over in about 20 minutes, 
the converter is then tilted, 
and the material run out into ladles. A certain amount of 
slag floats on top of the steel, and the ladle is poured in such a 








Fig. 218. Bessemer converter in action. 
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way that this is left behind. The fluid steel is poured into iron 
molds. For making bar steel, steel wire, rods, and rails, the 
steel ingots are usually hexagonal blocks. These ingots while 
still red-hot are hammered or rolled out into bars and other de- 
sired objects (Fig. 219). 

Sulphur and phosphorus are not removed from the pig iron 
by this process. Both of these substances, even in small 





lig. 219. Forging an axle with a hydraulic press. 


amounts, are very deleterious to steel. Phosphorus causes it 
to be brittle at ordinary temperatures (“cold short ’’); 
sulphur has the same effect while it is being worked at a red 
heat (“red short’). If pig iron containing very much phos- 
phorus is used in the Bessemer process the converter must be 
lined with: dolomite (CaCO;-MgCO;). This is a basic lining, 
whence the process is termed the basic Bessemer; with the 
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silica lining it is called the acid Bessemer. Under basic con- 
ditions phosphorus is removed as it is oxidized to the oxide, 
which then combines with the basic lining, forming calcium 
phosphate. 

380. Open-hearth process. The basic Bessemer process 
described in the last paragraph is for a number of reasons not 
entirely satisfactory. The lining is expensive, is rapidly 
corroded, and can be used only with certain kinds of ‘‘ phos- 
phorus pig.”’ The open-hearth process for making steel has 
now been widely adopted for pig iron which contains too much 
phosphorus for the acid Bessemer. 


Here the pig iron and iron oxide, together with some flux, are 
heated by a flame of producer gas in the woes shown in figure 220. 
In order to get the high tempera- 
ture necessary to melt steel, a re- 
generative device has been em- 
ployed. By its means the fuel gas 
and the air are preheated as they 
pass through some brick work, 
which itself has been previously 
heated by the effluent gases from 
the furnace. Oil burners are now 
used in connection with open- 
hearth furnaces, and powdered coal 
has been tried asafuel. It is possible that by the introduction of a 
suitable liquid or solid fuel furnaces in the future will be run without 
the cumbersome regenerative gas system. 

The lining of the furnace may be either silica or dolomite, the pro- 
cesses being called the acid open-hearth and the basic open-hearth 
respectively. We shall confine our attention to the basic open-hearth 
process, which is used for pig iron containing phosphorus. 

The charge consists of pig iron (often mixed with scrap steel), 
iron oxide, and lime. The carbon content of the pig iron is reduced 
by the action of the iron oxide: 


FeO; +3C—>2Fe+3CO 


, Steel in the making 
pV 
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Fig. 220. Diagram of an open-hearth 
furnace. 


The iron oxide is added from time to time, and the molten mass “‘ boils ”’ 
with the evolution of carbon monoxide. The phosphorus and silicon 
are oxidized and pass into the slag by combining with the lime. This 
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slag floats on top of the 
molten steel and _ pro- 
tects it from the action 
of the hot flame, which 
would otherwise tend to 
oxidize the iron. The 
molten steel is tapped off 
in large ladles (Fig. 221). 
From these ladles the 
molten steel is poured into 
ingot molds (Fig. 222). 
The sulphur content can be 
lowered somewhat in the 


Fig. 221. Tapping an open-hearth furnace. basic open-hearth process, 


but this method is essen- 


tially employed for removing carbon and phosphorus. Pig iron which 
is very high in sulphur requires a special treatment. 


The basic open-hearth process has not only the advantage 
that it refines a phosphorus pig iron, but its product is also 
superior to that from a Bessemer converter. The reaction is 


slower and can be kept 
under better control. The 
product is more uniform, 
and because the melt is 
carried out under relatively 
quiet conditions, it contains 
less slag and dissolved gases. 

Molten steel dissolves 
considerable quantities of 
carbon monoxide and other 
gases, which it liberates on 
cooling. These gases cause 
a porous structure in the 
steel ingot. The addition 
of small amounts of strong 
reducing agents to the melt 
just before it is poured helps 





Fig. 222. Pouring steel ingots. 
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to remove the dissolved gases and to give sounder ingots. 
Metallic silicon (or ferro-silicon, an alloy of iron) and ferro- 
titanium are often employed, as is also metallic aluminum. 
Ferro-manganese (an alloy of manganese and iron) is also 
added at this point as a degasifier and as a means of intro- 
ducing the small amount of manganese which is necessary for 
good steel. 

381. Electric furnaces. The production of steel in electric 
furnaces (Frontispiece) has been developed to some extent 
and seems to have 
certain advantages. ett 
In one type of fur- Epemectonn 
nace, called the He- 
roult (Fig. 223), the 
heat is generated by 
the arcs between the 
carbon electrode and 
the molten metal. 
The reactions which 
take place in electric 
furnaces are much 
like those in the open 
hearth. They are 
always lined with a 
basic material and 
therefore readily remove phosphorus. Sulphur can pass into 
the slag only under reducing conditions. No strong oxidiz- 
ing flame is present in an electric furnace as in an open-hearth 
furnace, therefore sulphur can also be eliminated. The electric 
furnace enables one to obtain a high temperature in a basic 
furnace without oxidation. For these reasons it is used for 
purifying steels made from low-grade pig iron and scrap. 

382. Tempering of steel. As has been said, the carbon in 
steel is present as iron carbide. When steel first solidifies, this 
iron carbide is in solution in an allotropic form of iron called 


Cables 





Fig. 223. Diagram of an electric furnace. 
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gamma iron, which is stable only at high temperatures. On 
cooling, a piece of steel passes through a number of rather 
complicated transformations at a temperature of 770° to 
700° C. This range of temperature is called the critical range ; 
the transformations that take place involve the change of 
several allotropic forms of iron and the separation of iron 
carbide. 


If the steel is slowly cooled through this range, the iron finally 
ends up as the alpha modification, and the iron carbide separates out 
in a certain crystalline condition. The resulting steel is ecompara- 
tively soft. If steel containing more than 0.50 per cent of carbon is 
quickly cooled (quenched in water or oil) from above its eritical tem- 
perature, the transformations taking place through the critical range 
are checked, and the resulting iron and iron carbide are left in such a 
form that avery hard, brittle steel is produced. Such steel is said to be 
hardened; the degree of hardness which results from the cooling 
depends somewhat on the carbon content of the steel. This steel is 
usually too brittle for most purposes and can be softened to varying 
degrees by heating to certain temperatures and then again quickly 
cooling. This process is called tempering. The higher the temper- 
ature to which we heat the steel in the tempering process, the more 
the arrested transformations of the critical range can complete themselves 
and the softer the steel will be. The temperature can be estimated 
by the play of colors which appear when the metal is heated. This is 
due to the formation of thin layers of iron oxides. Steel is usually 
first hardened by quenching it from a temperature above the critical 
range; it is then reheated to the desired temperature and quenched 
again. The following table shows the colors and temperatures for 
tempering various articles of commerce. 








TEMPERATURES Cotor or Oxipe Fim Various Toots 





225° —235° C. Straw Light turning tools 

236° —250° C. Yellow-brown Screw-cutting dies and 
taps 

251° —275° C. Purple Twist drills 

276° —300° C. Blue Saws and wood-work- 


ing tools. 
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The yellow tints give very hard but brittle steels, while the blue give 
softer and tougher steels. 


383. Case hardening. If wrought iron or mild steel is 
heated in contact with powdered charcoal it slowly takes up 
carbon. The carbon seems to penetrate the entire mass by 
degrees. This was the old cementation process of manufactur- 
ing what was known as blister steel. The same method, called 
case hardening, is now employed for producing a layer of high- 
carbon steel on a body of the softer metal. Such a steel on 
being properly hardened and tempered has a hard exterior and 
a tough interior. This process is used to give the desired hard 
surface to various parts of machinery, such as automobile 
gears; a similar method enters into the manufacture of armor 
plate. 


384. Special steels and iron alloys. A number of so-called special 
steels have become of importance for certain distinct purposes. These 
materials are manufactured by the open-hearth or crucible process. 
Steel containing from 7 to 20 per cent of manganese is exceedingly 
tough and resistant to wear. It cannot be machined. It is used for 
making rock-crushing machinery, safes, and brake shoes. Chromium 
and nickel steels, in which a few per cent of one or both elements 
are present, have great tensile strength and are very suitable for mak- 
ing parts for automobiles. They have considerable elasticity and 
therefore conform to the stress in such objects as springs, frames, and 
axles. A steel containing 36 per cent of nickel is called invar; it is 
properly not a steel at all but an iron alloy. It has practically no 
coefficient of expansion and is therefore very valuable in the manu- 
facture of scientific apparatus; pendulums are often constructed 
of it. An alloy of iron and nickel containing 46 per cent of the latter 
is called platinite; it has the same coefficient of expansion as platinum 
and is used instead of this metal for ‘“‘ sealing in wires ’”’ in electric- 
light bulbs. 

Steels containing a considerable quantity of tungsten or molyb- 
denum as well as chromium are called high-speed steels. They can 
be hardened and do not lose their hardness even when heated to a 
low red heat. For this reason they can be used on a lathe or similar 
machine at a high speed. The tools will cut while they are dull red. 
An element called vanadium when added in small amounts to certain 
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special steels seems to be of great benefit. Chromium-vanadium 
steels and chromium-nickel-vanadium steels are used in the auto- 
mobile industry. 


COMPARISON OF IRONS AND STEELS 





Per CENT OF 


Chow STRUCTURE HARDNESS UsEs 
Wrought iron 0.05—0.2 Fibrous Soft Wire, water and 
steam pipes, horse- 
shoes, rivets. 
Steel 
(low-carbon) 0.05-0.8 | Granular | Moderately} Structural steel, 
soft shafts, axles, nails. 
Steel 
(high-carbon) 0.8-1.6 Granular | Hard, if Tools, springs, per- 
tempered manent magnets. 
Cast iron 3-5.5 Crystalline | Brittle Castings, bases, and 
columns. 





SUMMARY OF CHAPTER XXX 


THE PRINCIPAL IRON ORES are oxides. These are re- 
duced to metallic iron by carbon and carbon monoxide in a blast 
furnace. A flux is added which combines with the rocky im- 
purities to form a slag. 

THE PRODUCT FROM THE BLAST FURNACE is cast iron. 
It contains 5 to 6 per cent of impurities, mostly carbon. 

WROUGHT IRON is fairly pure iron except for mechanically 
held slag. It is made by heating cast iron in a reverberatory 
furnace on a bed of iron oxide. It can be welded and is malleable. 

STEEL usually contains more carbon than wrought iron and 
less than castiron. Itcan be cast andis malleable. It can also be 
welded. Low-carbon steel is very much like wrought iron; high- 
carbon steel can be hardened. 

STEEL IS MADE in the crucible process from scrap steel and 
wrought iron, or very pure pig iron. Steel can be made from cast 
iron by (1) the Bessemer process, (2) the open-hearth process, (3) 
the electric furnace, 





# 
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In the Bessemer process the molten metal is oxidized with air, 
the silica, carbon, and manganese being oxidized before the iron. 
The Bessemer converter is usually lined with silica and called the 
acid Bessemer; it may be lined with dolomite and is then called 
the basic Bessemer. The acid Bessemer process will not remove 
phosphorus or sulphur. The basic Bessemer will remove phos- 
phorus, but is not very satisfactory. 

The basic open-hearth is the usual process for handling 
phosphorus pig. The oxidation is carried out by an oxide, the 
heat being supplied by gas flames. Phosphorus is satisfactorily 
removed, sulphur is lowered somewhat. 

The electric furnace, used for refining steel, gives a high 
temperature without an oxidizing flame. Phosphorus, sulphur, 
and other impurities are removed in it. 

THE HARDENING OF STEEL containing more than about 
0.50 per cent of carbon can be done by heating above 700°-770° C., 
called the critical range. If the changes through this range are 
arrested by sudden cooling, a very hard steel results. This can 
be softened, or fempered, by reheating; the higher the temperature 
of reheating the softer the steel becomes. A layer of high-carbon 
steel can be put on a mild steel by case hardening. 

SPECIAL STEELS: Manganese steel is very tough. Chro- 
mium and nickel steels are strong and somewhat elastic. They are 
used in making automobile parts. Jnvar, an iron-nickel alloy, 
has no coefficient of expansion. Platinite (46 per cent of nickel) 
has the same coefficient of expansion as platinum. High-speed 
steels can be hardened and used for tools cutting at a high speed. 


QUESTIONS 


. Why is a blast furnace kept in continuous operation? 
. What four materials must be supplied to a blast furnace? 
. What use has recently been found for slag? 


mo ob 


Why is iron pyrite never put into a blast furnace? 


5. Why are the chemical changes carried on in a Bessemer con- 
verter difficult to control? 


6. Why is the air forced into a blast furnace dried and preheated ? 
7. What keeps the iron hot in a Bessemer converter ? 
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8. Why is steel made by the open-hearth process generally superior 
to that made by the Bessemer process? 
9. What kind of iron is used to make stoves? chains? hammers? 
chisels? bridges? safes ? 
10. What is the purpose of a ‘‘ purifier ’’ in making steel? 
11. Which kind of steel is most easily welded? Why? 


12. What is meant by the “ critical range” of temperature in 
the heat treatment of steel? 


13. Why is it more efficient to use “ high-speed ’’ tool steel than 
ordinary tool steel? 


14. What determines the physical properties of steel besides its 
chemical composition ? 


15. Name four special steels and give two uses to which each is 
adapted. 


16. What advantages has the electric furnace over other forms of 
furnaces for making steel ? 


TOPICS FOR FURTHER STUDY 


Creators of the age of steel. What was the primitive method of 
obtaining iron from its ores? How was the metal made into tools? 
What have been the important modern inventions in the iron and steel 
industry? What men were closely connected with their development ? 
Would ovr present civilization be possible without the blast furnace? 
(Bird’s Modern Science Reader.) 

Special steels, their uses and manufacture. What is meant by the 
“heat treatment ’’ of steel? (Slosson’s Creative Chemistry, Bird's 
Modern Science Reader, and Spring’s Non-Technical Chats on Lron and 
Steel.) : 
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LIST OF BOOKS FOR FURTHER STUDY 


Achievements of Chemical Science — J. C. Philip. Macmillan and Co. 


Chemical Discovery and Invention in the Twentieth Century — Sir 
William A. Tilden. E. P. Dutton and Co. 


Chemistry in America — HE. F. Smith. D. Appleton and Company. 


Chemistry in the Service of Man — Alex. Findlay. Longmans, Green, 
and Co. 


Chemistry of Commerce — R. K. Duncan. Harper & Brothers. 


Chemistry of Familiar Things — Samuel S. Sadiler. J. B. Lippincott 
Company. 


Creative Chemistry — Edwin E. Slosson. The Century Co. 


Discoveries and Inventions of the Twentieth Century — Edward 
Cressy. HE. P. Dutton and Co. 


Essays in Historical Chemistry — EZ. Thorpe. The Macmillan Co. 

History of Chemistry — F. J. Moore. McGraw-Hill Book Co. 

Modern Chemistry and its Wonders —G. Martin. D. Van Nostrand 
Company. 

Modern Science Reader — R. M. Bird. The Macmillan Co. 


Non-Technical Chats on Iron and Steel — L. W. Spring. Frederick A. 
Stokes Company. 


Outlines of Industrial Chemistry — F. H. Thorp and W. K. Lewis. 
The Maemillan Co. 


Photography for Students of Physics and Chemistry — Louis Derr. The 
Maemillan Co. 


377 


378 APPENDIX 


SIX SYSTEMS OF CRYSTALS 


Crystalforms. All crystals may be divided into siz classes 
according to the way in which the faces are arranged about 
certain imaginary axes. 


; I. Isometric, or regular, system (Fig. 
224): three equal azes at right angles to 
each other. The cube and octahedron are 
examples. Common 

salt, galena, and gar- 
net belong to this sys- 
tem. 

Il. Tetragonal sys- 
tem (Fig. 225): two equal ares and one longer or 
shorter, all at right angles to each other. Casiterite 
(SnO:) belongs to this system. 

Ill. Orthorhombic system (Fig. 226): three 
unequal azes, all at right angles. Sulphur, salt- 
peter, and magnesium sulphate belong to this 
system. 

IV. Monoclinic system 


aaa / 
(Fig. 227): two azes at 
right angles and a third fe 





Fig. 224 





Fig. 225 





perpendicular to one and 
inclined to the other. Glauber’s salt, gypsum, 
and ferrous sulphate belong to this system. 

V. Triclinic system me soe 


<TpP (Fig. 228): three axes all inclined to each other. 
\ Crystals of copper sulphate belong to this system. 
-- _ VI. Hexagonal system 
/ (Fig. 229): Four axes; Kitt? 
three equal axes in the same 
plane, intersecting at angles ; 


me. Be of 60°, and afourth at right 
angles to all these. Snow crystals, quartz, and so- 
dium nitrate belong to this system. Calcite occurs Fig. 229 
in rhombic form, which is usually considered as belonging to this system. 





For further details the reader is referred to Z. S. Dana’s 
Minerals, and How to Study Them. John Wiley & Sons. 
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SOLUBILITY OF SOLIDS IN WATER 


This table shows the number of grams of anhydrous solid which 
when dissolved in 100 grams of water make a saturated solution at the 
temperature stated. 





SuBsTaNCE FORMULA 0° C. 10°C. 20° C. 100° C. 


Ammonium chloride . | NH,4Cl 29.4 33.3 37.2 77.3 


Barium chloride . .| BaCl, 31.6 33.3 Oost 58.8 
Calcium hydroxide. .| Ca(OH). 0.185 0.176 0.165 0.077 
Copper sulphate. . . | CuSO, 14.3 17.4 20.7 75.0 
Potassium chloride. .| KCl 27.6 31.0 34.0 56.7 
Potassium nitrate . .| KNO; i3.0 20.9 32.0 246. 
Sodium chloride . .| NaCl Spat 35.8 36.0 39.0 


Sugar MMe re pce Cy2H 2011 179. 190. 204. 487. 








SOLUBILITY OF VARIOUS GASES IN WATER 
(At 15° C. and under 760 mm. Pressure) 


VoLUME ABSORBED BY 


Name or Gas 1 Lirer or WATER 


Very Soluble 


PEE ele ve sa foes One. . liters 
liydrogen.chlorido . . . 4... . 458. e 
BRE CIGIOG ales iste te wake AID f 


Moderately Soluble 
iiydrogensulphide ...°. . . lets 3.05> .* 
SEMIN oe eas Tene, dao eosin. PLB eee 
Cambor dioxide. (6. 6) GILES 9 


Slightly Soluble 
Ox PONE ere, rete Ne eco erie: ue. ve 0.034 ‘* 
DMREOO US Toot Gt ea lun oe fey tn id deus 0.019 ‘ 
ORR E ceca eigen d id Meee Rd 0.018 ‘ 


Taken from Kaye and Laby’s Physical and Chemical Constants, 
Longmans, Green, and Co. 
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PRESSURE OF WATER VAPOR, OR AQUEOUS TENSION 


TEMPERATURE | PRESSURE 


(In millimeters of mereury) 













a 
oO 
B 
B 


12° 
13° 
14° 
15° 
16° 
Lr 
18° 
19° 
20° 
21° 


Sn ie 
we 


se OO A Ne noe 
NWAONONRAN 





DENSITIES OF IMPORTANT GASES 


Approximate weight of 1 liter under standard conditions 


Acetylene (C.H2) 

Re ee, iain 
Ammonia (NH;3) . 
Carbon dioxide (CO.) . 
Carbon monoxide (CO) 
Chlorine (Cl) . 

Helium (He) . 
Hydrogen (H,) 


Hydrogen chloride (HCl) . 
Hydrogen sulphide (HS) . 


Methane (CH,) 

Nitrie oxide (NO) 
Nitrogen (N:). . . 
Nitrous oxide (N20) 
Oxygen (O.) 

Sulphur dioxide (SOgq) . 


TEMPERATURE 


£E":C, 


10.5 
11.2 
12.0 
12.8 
13.6 
14.5 
15.5 
16.5 
17.5 
18.6 


9.8 mm. 


1.16 grams 
: la 
. OTf ae 
LOS, 
. Lae = 
. Bite = 
- Oe 
. Ouse 
1.64°4%% 
» Lee 
. OFA 
1a 
1.26 
108" 7 
doe ae 
» 200i fp 


PRESSURE TEMPERATURE | PRESSURE 
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Absolute temperature scale, 46. 

Absclute zero, 46. 

Accessory factors in diet, 285. 

Acetic acid, 264. 

Acetylene, 251, 252. 

Acid anhydrides, 198. 

Acid Bessemer process (steel), 369. 

Acid open-hearth process (steel), 
369. 

Acidic oxides, 200. 

Acids, action of metals on, 32; 
binary, 147; characteristics of, 
166; definition of, 32; dibasic, 
191; in general, 119; monobasic, 
191; naming of, 147; organic, 
264; ternary, 147; volatile, pre- 
paration of, 196; weak, 167. 

Air, carbon dioxide in, 86; composi- 
tion of, 85; humidity of, 87; im- 
purities in, 86; liquefaction of, 
81; a mixture, 80; temperature 
of, "87. 

Alcohol, denatured, 259; ethyl, 259; 
ethyl, formula of, 259: industrial, 
259; methyl, 260; ordinary, 257; 
preparation of, 257, properties of, 
258; uses of, 258; wood, 260. 

Alcoholic liquors, 259. 

Aldehydes, 263. 

Alkalies, 69, 120. 

Alkaline, earths 346. 

Allotropic forms, 179. 

Allotropy, 179. 

Alpha modification (steel), 372. 

eee ammonium, 341; chrome, 

i 

Alumina, 340. 

Aluminates, 338. 

Aluminum, bronze, 339; compounds 
331; hydroxide, 340; manufac- 


ture of, 337; natural compounds 
of, 337; oxide, 340; properties of, 
338; uses of, 338. 

Alums, 341. 

Alundum, 340. 

Ammonia, 202; aqua, 210; chemical 
behavior of, 207; composition of, 
202; Haber process, 207; house- 
hold, 202; laboratory preparation 
of, 203; liquid refrigeration with, 
204; manufacture of, 206; made 
from elements, 206; properties of, 
206; process (nitric acid), 230; 
uses of, 209, water, 202. 

Ammonium, alum, 341; salts, 208; 
test for, 209. 

Ammonium chloride, 209. 

Ammonium hydroxide, 208. 

Anode, 10, 164. 

Antiseptic action, 325. 

Antiseptics, 320. 

Aqua ammonia, 210. 

Aqua fortis, 212. 

Aqua regia, 215. 

Aqueous solution, 56. 

Aqueous tension, 50; table of, Ap- 
pendix, 380. 

Argon, 84. 

Aromatic compounds, 268. 


Arrhenius, Svante August (por- 
trait), 163. 

Asbestos, 346. 

Atmospheric pressure, measure- 
ment of, 42. 


Atom, definition of, 95. 

Atomic Theory, 92; value of, 93, 95; 

Atomic weights and combining 
weights, 135. 

Atomic weights of elements, 94, 
Back Cover; method of calculat- 
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ing, 133; precise determination 
of, 136. 

Atoms, 92; and molecules, 94. 

Avogadro, Amedeo (portrait medal), 
128. 

Avogadro’s theory, 128. 

Azote, 79. 


Bacteria, 325. 

Bakelite, 268. 

Baking powder, 297. 

Barite, 358. 

Barium, 357. 

Barium chloride, 358. 

Barium sulphate, 358. 

Barometer, mercurial, 42. 

Bases, 120; characteristics of, 171; 
naming of, 147. 

Basic Bessemer process (steel), 
368. 

Basic open-hearth process (steel), 
369. 

Basic oxides, 200. 

Bauxite, 337. 

Benzene, 268. 

Berzelius, Johann Jacob (portrait), 
99. 

Bessemer steel, 367. 

Biological chemistry, 272. 

Birkland-Eyde electric furnace,229. 

Bisulphites, 191. 

Black lead, 240. 

Black powder, 231. 

Blast furnace, 362. 

Blast lamp, 39. 

Bleaching, 323; agents, 320; pow- 
der, 323, 357. 

Blister steel, 373. 

Bluestone, 197. 

Boiler scale, 350. 

Boiling point, 56. 

Bonds (valence), 143. 

Boneblack, 241. 

Boyle, Robert (portrait), 43. 

Boyle’s Law, 43. 

British thermal unit, 244. 

Bromides, 314. 

Bromine, 312; water, 313. 

Brownian movement, 96. 

Bunsen, Robert Wilhelm (portrait), 
305. 


Bunsen burner, 251. 

Burner, Bunsen, 251; fishtail, 251; 
gas, 251; on gas range, 251. 

Burning, definition of, 21; products 
formed by, 23. 

By-product, 296. 


Calcium, 348; soaps, 351. 

Calcium carbide, 357. 

Calcium carbonate, 348. 

Calcium chloride, 357. 

Calcium cyanamide, 357. 

Calcium fluoride, 357. 

Calcium hydroxide, 354. 

Calcium oxide, 352. 

Calculations, chemical, importance 
of, 110. 

Calorie (large), 283; (small), 244. 

Calorimeter, 244. 

Cane sugar, 274. 

Caoutchouc, 184. 

Carbohydrates, composition of, 273; 
uses of, 282. 

Carbolic acid, 268. 

Carbon, allotropic forms of, 238; 
amorphous, 240; atoms, double 
bond, 268, triple bond, 268; chem- 
ical behavior of, 248; compounds 
and living matter, 272; crystal- 
line, 239, a very important 
element, 238. 

Carbon dioxide, in air, 86; commer- 
cial uses of, 70; and monoxide, 
composition of, 74; experiments 
with, 68; liquid and solid, 70; how 
plants use, 67; pure, preparation 
of, 68; production of, 66; proper- 
ties of, 69; test for, 66, 68. 

Carbon disulphide, 183. 

Carbon monoxide, in coal fire, 71; 
and dioxide, composition of, 74; 
laboratory method of prepara- 
tion, 72; properties of, 72; as a 
reducing agent, 72. 

Carbon silicide, 336. 

Carbon tetrachloride, 262. 

Carbona, 263. 

Carbonated water, 69. 

Carbonic acid gas, 68. 

Carborundum, 334. 

Carboxyl group, 264, 


INDEX 


383 


(Numbers refer to pages.) 


Case Hardening (steel), 373. 

Casein, 283. 

Cast iron, 363. 

Catalyst, 19, 37; effect of, 227. 

Catalytic agent, 19. 

Cathode, 10, 164. 

Caustic potash, 301. 

Caustic soda, 290, 293. 

Celluloid, 280. 

Cellulose, 277. 

Cement, Portland, 355. 

Cementation process (steel), 373. 

Cementite, 365. 

Chamber process (sulphuric acid), 
193. 

Change, chemical, 4, 95; displace- 
ment, 33; in everyday life, 1; 
what happens in, 2; heat and 
light often attend, 3; types of, 
105; no change in weight in, 5. 

Change, physical, 95. 

Changes of state of matter, 55. 

tag 239; animal, 241; wood, 

Checking up answers, 112. 

Chemical change, see 
Chemical. 

Chemical Combination, 15. 

Chemical Compounds, see Com- 
pounds, chemical. 

Chemical equation, 102; how to 
ag 103; what it does not show, 
104. 

Chemical formula, 100; cautions 
concerning, 104; meaning of, 101; 
ase composition from, 

I. 

Chemical reactions, see Reactions, 
chemical. 

Chemical symbol, 99, 100. 

Chemist, work of, 6. 

Chemistry, agricultural, 335; bio- 
logical, 272; domain of, 2; or- 
ganic, 256. 

Chile saltpeter, 212. 

China, 342. 

Chlorates, 323. 

Chloride, how formed, 121; of lime, 
323; test for, 122. 

Chlorine, chemical activity of, 311; 
preparation of, 309; properties 


Change, 


of, 310; uses of, 312; water, 311, 

321. 

Chloroform, 262. 

Chlorophyll, 276. 

Chrome alum, 341. 

Chromium, preparation of, 340. 

Citric acid, 265. 

Clay, 342. 

Coal, 242; anthracite, 242; bitumi- 
nous, 242; distillation of, by- 
products of, 267; a fuel, 243; gas, 
72, 248. 

Coal-tar dyes, 268. 

Coke, 241; production of, 242. 

Collodion, 280. 

Combining weight, 135; and atomic 
weight, method of determining, 
136. 

Combustion, conditions for produc- 
ing, 26; definition of, 24; Lavoi- 
sier’s experiment on, 22; pro- 
ducts of, 23; spontaneous, 25. 

Common salt, 289. 

Compounds, chemical, aromatic, 
268; decomposition of, 14; defin- 
ite composition of, 13; definition 
of, 10, 12; examples of, 13; for- 
mula of, 138; inorganic, 256; and 
organic, 272; mineral, in food, 
282; vs. mixtures, 14; naming of, 
147; number and importance of, 
16; organic, 256, and inorganic, 
272; production of, from two 
elements, 12; properties of, differ- 
ent from constituent elements, 
12; unsaturated, 280. 

Concentration, effect of, 224; Law 
of, 223. 

Concrete, 356; reinforced, 356. 

Condenser, 57. 

Conservation of energy, law of, 244. 

Conservation of matter, law of, 6. 

Contact process (sulphuric acid), 
193. 

Converter (steel), 367. 

Corn sirup, 275. 

Corrected pressure, 50. 

Correction for water vapor, 49. 

Corundum, 340. 

Cotton, 277; mercerized, 279. 

Court-plaster, liquid, 280. 
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Cracking of oils, 247. 

Cream of tartar, 265. 

Critical range of temperature, 372. 
Critical temperature, 35, 81. 
Crucible steel, 366. 

Crude oil, 246. 

Cryolite, 337. 

Crystallization, 153; water of, 155. 
Crystals of sulphur, 178. 
Cyanamide process (nitrogen), 230. 
Cycle of carbon and oxygen, 86. 


Dakin’s solution, 325. 

Dalton, John, (portrait), 92. 

Davy, Sir Humphrey (portrait), 
302. 

Decomposition, double, 107; simple 
105 


Definite proportions, law of, 14. 

Dehydrated salt, 155. 

Dehydrating action of sulphuric 
acid, 195. 

Deliquescence, 302. 

Denatured alcohol, 259. 

Density, definition of, 4, 41; of a 
gas, how to compute, 41. 

Destructive distillation, 240. 

Detonation, 231. 

Dewar flask, 83. 

Diamond, 239. 

Dibasic acids, 191. 

Direct combination, 106. 

Disinfecting action, 325. 

Displacement, 33. 

Distillation, of alcohol, 257; of coal, 
by-products of (diagram), 267; 
destructive, 240; fractional, 258; 
of water, 57. 

Distilled liquors, 259. 

Dolomite, 346. 

Double decomposition, 107. 

Double salts, 341. 

Dryers, 281. 

Drying (linseed oil), 281; tower 
(ammonia), 203. 

Dyes, 269; coal-tar, 268. 

Dynamite, 232. 


Earths, alkaline, 346. 
Edible oils, 281. 


Effervescence, 68. 

Efflorescence, 155, 298. 

Electric, furnace, 371. 

Electrolysis, 164; of aluminum, 337; 
definition of, 11. 

Electrolytes, 162. 

Electrolytic method (sodium hy- 
droxide), 291. 

Elements, definition of, 12; in free 
state, 15; list of, facing Back 
Cover; occurrence of, 15; impor- 
tant (table), Back Cover. 

Emery, 337, 340. 

Empirical Formula, 259 

Endothermic reaction, 248. 

Energy, 244; conservation of, law 
of, 244; definition of, 244. 

Enriching ( water gas), 249. 

Enzymes, 277. 

Epsom Salt, 197, 348. 

Equation, chemical, 102; gas, 48; 
quantitative, meaning of, 110; 
word, 13. 

Esters, 265, 280. 

Ethers, 262. 

Ethyl, 261; methyl, 262. 

Ethyl acetate, 265. 

Ethyl alcohol, 259. 

Ethylene, 250. 

Ethyl ether, 261. 

Eudiometer, 60. 

Evaporation, 55. 

Exothermic reaction, 245. 

Explosives, 227, 230. 

Extinguishing fire, 26. 


Fabrics, 277. 

Factors, accessory, in diet, 285. 

Facts and theories, 91. 

Faraday, Michael (portrait), 164. 

Fats, 265, 280, 282. : 

Fermentation, alcoholic, of grain, 
277. 

Fertilizers, 227, 300. 

Fillers, 278. 

Filtration of water, 58. 

Fire extinguishers, 27, 70; ‘‘Py- 
rene,” 263. 

Fire extinguishing, 26. 

Fireworks, 347. : 

Fischer, Emil (portrait), 282. 
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Fishtail burner, 251. 

Fixation of nitrogen, 227. 

Flames, gas, 251. 

Flashlight powder, 347. 

Flash point, 26. 

Flowers of sulphur, 176. 

Fluorine, 316. 

Food, how much needed, 285; 
mineral compounds in, 282; 
percentage composition of (table) 
283; uses of, 282; value of, 283. 

Fool’s gold, 175. 

Formaldehyde, 263. 

Formalin, 264. 

Formic acid, 264. 

Formula, chemical, 100; of com- 
pound, 138; empirical, 259; result 
of experiments, 127; structural, 
260; writing, 145. 

Fractional distillation, 258. 

Fractionating column of still, 258. 

Fractions of distillate, 257. 

Fraunhofer lines, 305. 

Freezing mixture, 158. 

French chalk, 347. 

Fructose, 274. 

Fuel gases, composition of, 249. 

Fuels, gaseous, 248; and smoke, 
245; solid, 245. 

Fuming, nitric acid, 214; sulphuric 
acid, 194. 

Furnace, electric, Birkland-Eyde, 
229; Heroult, 371; Frontispiece. 


Galena, 175. 

Gamma iron, 372. 

Gas, coal, 248; density of, 41; equa- 
tion, 48; flames, 251; natural, 248; 
poison, 310; producer, 249; 
water, 248. 

Gas burners, 251. 

Gaseous fuels, 248 

Gases, kinetic theory of, 50; rare, 84; 
solubility of, in liquids, 159; uni- 
formity of, 127. 

Gasolene, 246. 

Gas volumes, correction of, 44. 

ea Joseph Louis (portrait), 

1 


Gay-Lussac’s law of volumes, 61, 128. 
Glass, 334. 


Glauber’s salt, 293. 

Glaze, 342. 

Glucose, 274. 
Gram-molecular volume, 131. 
Gram-molecular weight, 131. 
Grape sugar, 275. 

Graphite, 239. 

Gravimetric synthesis of water, 62. 
Greeks and science, 92. 
Guncotton, 280. 

Gypsum, 175. 


Haber process (ammonia), 207. 

Hematite, 361. 

Hall, Charles M., 337. 

Halogens, 309; comparison, of 317; 
replacement of, 315. 

Hard water, 349. 

Heat, measurement of, 246. 

Helium, 84; new use for, 85. 

Henry, law of, 159. 

Heroult furnace, 371, Frontispiece. 

Homogeneous material, 10. 

Homologous series, 261. 

Household ammonia, 351. 

Humidity, 87. 

Hydrates, 155. 

Hydriodic acid, 315. 

Hydrocarbons, 246, 250, 267; acety- 
lene series, 267; aromatic com- 
pounds, 268; ethylene series, 267; 
paraffin series, 250. 

Hydrochloric acid, 119, 122. 

Hydrocyanic acid, 299. 

Hydrofluoric acid, 317. 

Hydrogen, atom, standard, 131; 
chemical behavior of, 36; for com- 
mercial purposes, how prepared, 
38; where found, 30; preparation 
of, in laboratory, 32, from water, 
30; properties of, 35; purification 
of, 33; test for, 11; uses of, 38. 

Hydrogen bromide, 313. 

Hydrogen chloride, composition of, 
123; formation of, 36; preparation 
of, 116; properties of, 118. 

Hydrogen fluoride, 317. 

Hydrogen iodide, 315. 

Hydrogen peroxide, 326. 

Hydrogen sulphide, formation of, 36; 
occurrence of, 180; preparation of, 
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180; properties of, 181; use of, in 
laboratory, 182. 

Hydrogenation, 38; of oils, 281. 

Hydrolysis, 265, 274, 298. 

Hydrosulphuric acid, 182. 

Hydroxide of a metal, 31. 

Hydroxyl group, 120. 

Hypo, 299. 

Hypochlorites, 322. 

Hypochlorous acid, 320; as bleaching 
agent, 323; as disinfecting agent, 
326; oxidizing action of, 321. 


Iceland spar, 348. 

Indicator, 120. 

Industrial chart, 199. 

Infusorial earth, 332. 

Insolubility, 152. 

Invar, 373. 

Inversion, 274. 

Iodides, 315. 

Iodine, 314; test for, 315; tincture of, 
315. 

Ionic reactions, 167. 

Ionization, 168; degree of, 166. 

Ions, theory of, 162; valence of, 170. 

Irons, alloys, 373. 

Iron, cast, 363; gamma, 372; impor- 
tance of, 361; microscopic study of, 
366; ores, 361; pig, 363; pyrite, 
175; and steel, comparison of, 374; 
wrought, 364 

Iron carbide, 365. 

Isomers, 262. 


Jute, 277. 


Kaolin, 342. 

Kerosene, 247. 

Kindling point, 25. 

Kinetic equilibrium, 223. 
Kinetic theory of gases, 50. 
Kipp generator, 33. 
Krypton, 84. 


Lactic acid, 283. 

Lampblack, 239, 241. 

Lard, 281. 

Laughing gas, 219. 

Lavoisier, Antoine Laurent (portrait), 
22. 


Lavoisier’s experiment on combus- 
tion, 22. 

Law, Boyle’s, 43; of Charles, 47; of 
concentration or mass action, 223; 
of conservation of energy, 244; of 
conservation of matter, 6; of defi- 
nite proportions, 14; definition of, 
6, 91; Gay-Lussac’s, 61, 128; of 
Henry, 159; of mass action, 224; of 
multiple proportions, 74. 

Leblanc process (sodium carbonate), 
293. 

Lime, 352; kiln, 353; water, 354. 

Limelights, 353. 

Limestone, 349. 

Limonite, 361. 

Linen, 277. 

Linseed Oil, 280. 

Liquid air, 83; oxygen made from, 27. 

Litmus, 68. 

Lubricating oils, 247. 

Lye, 293. 


Magnalium, 339. 
Magnesia, 347; milk of, 347. 
Magnesite, 346. 
Magnesium, 346; compounds of, 346. 
salts, 848; soaps, 351. 
Magnesium chloride, 348. 
Magnesium hydroxide, 347. 
Magnesium nitride, 80. 
Magnesium oxide, 347. 
Magnesium sulphate, 348. 
Magnetite, 361. 
Manganese, preparation of, 340. 
Marble, 349. 
Mass action, law of, 224. 
Material, homogeneous, 10. 
Materials, how recognized, 3. 
Matter, states of, 55. 
Meerschaum, 346. 
Melting point, 56. 
Mercerized cotton, 279. 
Mercury, red oxide of, 11. 
Metallic potassium, 302. 
Metallic sodium, 302. 
Metallography, 366. 
Methane, 250. 
Methyl alcohol, 260. 
Methyl ether, 262. 
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Milk, cow’s, composition of, 283. 

Milk of lime, 354. 

Milk of magnesia, 347. 

Mineral compounds in food, 282. 

Mixture, vs. compound, 14, 16; defi- 
nition of, 9; freezing, 158; separa- 
tion of, 14. 

Moisson, Henri, 316. 

Moisture, in air, 87. 

Molecules, 50; atoms and, 94; defini- 
tion of, 95; size of, 97. 

Molecular formulas, 104. 

Monobasic acids, 191. 

Mortar, 354. 

Moth balls, 268. 

Multiple proportions, law of, 74. 

Muriatic acid, 119. 


Naphthalene, 268. 

Nascent oxygen, 323. 

Nascent state, 215. 

Natural gas, 248. 

Neon, 84. 

Neutralization, 166; of base and acid, 
120. 

New-skin, 280. 

Nickel, steel, 373. 

Niter, 212. 

Nitrates, 216; higher, 280; lower, 280; 
test for, 217. 

Nitric acid, 212; action with metals, 
215; fuming, 214; oxidizing action 
of, 214; preparation of, 213; prop- 
erties of, 213; uses of, 217. 

Nitric oxide, 218. 

Nitrocellulose, 231, 279. 

Nitrogen, compounds as fertilizers, 
234; cycle, 233; fixation of, 227; 
importance of, 78; oxides of, 80, 
217; preparation of, from air, 78; 
properties of, 79; pure, prepara- 
tion of, 79; uses of, 84. 

Nitrogen dioxide, 218. 

’ Nitroglycerin, 232. 

Nitrous oxide, 219. 

Nonelectrolytes, 162 

Nonmetals, 198. 


ered, 280; olive, 281; Russian, 


Oils, 280; asphaltic, 247; cracking of, 

47; drying, 280; edible, 281; 

hydrogenation of, 281; lubricating, 
247; vegetable, 280. 

Open-hearth process (steel), 369. 

Organic chemistry, 256. 

Osmosis, 157. 

Osmotic pressure, 156. 

Oxalic acid, 265. 

Oxidation, definition of, 24; direct, 
of nitrogen, 228; of linseed oil, 281; 
and reduction, 38, 107; speed of, 
25. 

Oxide, definition of, 24. 

Oxides, acidic, 200; basic, 200. 

Oxidizing agent, 196. 

Oxidizing substances, 320. 

Oxyacetylene welding, 253. 

Oxygen, behavior of substances heat- 
ed in, 20; characteristics of, 21; 
commercial uses of, 27; importance 
of, 18; manufacture of, 27; nascent, 
323; preparation of, 19; sulphur 
and, comparison of, 185; test for, 
11, 20. 

Oxyhydrogen flame, 39. 

Ozone, 327. 


Paper, 277. 

Paraffin, 247; series of hydrocarbons, 
250. 

Parr’s peroxide bomb, 245. 

Percentage composition 
formula, 101. 

Permutite process (softening water), 
352. 

Peroxides, 327. 

Petrolatum, liquid, 247. 

Petroleum, 246. 

Phenol, 268. 

Picric acid, 232. 

Pig iron, 363. 

Pigments, 281. 

Plaster, 354; of Paris, 197, 355. 

Platinite, 373. 

Plumbago, 240. 

Pneumatic trough, 20. 

Porcelain, 342. 

Portland cement, 356. 

Potash, 300; caustic, 301. 
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Potassium, compounds, 289; 299; 
flame test for, 303; metallic, 302; 
salts as fertilizers, 300. 

Potassium bicarbonate, 301. 

Potassium carbonate, 301. 

Potassium chlorate, 19. 

Potassium hydroxide, 301. 

Potassium nitrate, 301. 

Pottery, 342. 

Precipitate, 122. 

Precipitated chalk, 69, 349. 

Pressure, changes volume of gas, 43; 
osmotic, 156; standard condition of, 


41. 
Priestley, Joseph (portrait), 18. 
Problems, rules for solving, 114; in- 
volving volumes of gases, 130. 
Producer gas, 249. 
Properties, 4. 
Proteins, 282. 
Prussic acid, 299. 
Purification of water, 57, 341. 
Putty, 349. 
‘‘Pyrene” fire extinguisher, 263. 
Pyrogallic acid, 268. 


Qualitative experiment, 62. 

Quantitative experiment, 62. 

Quantitative meaning of equations, 
110. 

Quantitative observations, 158. 

Quicklime, 353. 


Radicals, 144. 

Ramsay, Sir William (portrait), 84. 

Rare gases, 84. 

Reacting weight, 135. 

Reactions, chemical, 13; which go to 
completion, 168; ionic, 167; re- 
placement, 146; reversible, 107, 
222; types of, 105. 

Red oxide of mercury, decomposition 
OF, A), 

Reduction, 37; and oxidation, 38, 107. 

Refrigeration, with liquid ammonia, 
204. 

Replacement, simple, 106. 

Replacement of halogens, 315. 

Replacement reactions, 146. 

Resistance furnace, electric, 239. 

Reverberatory furnace, 364. 


Reversible reactions, 107, 222. 
BE Theodore W. (portrait), 
Rock salt, 290. 

Roll sulphur, 176. 

Rubber, artificial, 185; hard, 184; 
manufacture of, 184; plantations, 
185; vulcanizing, 184. 

Rubies, 337. 

Russian oil, 247. 


Sal ammoniac, 209. 

Salt, common, 289; and sulphuric 
acid, 116; Glauber’s 293; naming 
of, 148; rock, 290. 

Saltpeter, 212, 301. 

Salts, double, 341; magnesium, 348; 
potassium, as fertilizers, 300. 

Sandpaper, 332. 

Saponification, 265. 

Sapphires, 337. 

Scheele, Karl Wilhelm, 19. 

Semi-permeable membrane, 157. 

Series, homologous, 261. 

Siderite, 361. 

Signal lights, 347. 

Significant figures, 112. 

Silica, 331. 

Silicates, 333. 


-Silicic acid, 333. 


Silicon, 336; compounds, 331. 

Silicon dioxide, 331. 

Silicon tetrafluoride, 317. 

Silk, 278 

Simple decomposition, 105. 

Simple replacement, 106. 

Slag, 362. 

Slaked lime, 353. 

Smelling salts, 210. 

Smelting, 361. 

Smoke, 246; and fuels, 245. 

Smokeless powder, 231. 

Soap, 266; cleansing power of, 267. 

Soapstone, 346. 

Soda ash, 293. 

Soda crystals, 298. 

Soda water, 70. 

Sodium, compounds, 289, vs. ammo- 
nium compounds, 303; flame test 
for, 303; metallic, 302. 

Sodium bicarbonate, 296. 
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Sodium carbonate, 293, 296. 

Sodium chlorate, 323. 

Sodium chloride, 116, 225, 289. 

Sodium cyanide, 299. 

Sodium hydrogen sulphate, 196. 

Sodium hydroxide, 290, 292. 

Sodium peroxide, 303. 

Sodium silicate, 333. 

Sodium thiosulphate, 299. 

Solubilities of solids in water, 
Appendix. 

Solubility, of gases in liquids, 159, 
general rules for, 170; of a sub- 
stance, 152. 

Solution, concentrated, 152; defini- 
tion of, 56; dilute, 152. 

Solutions, boiling ‘and freezing point 
of, 158; conductivity of, 161; im- 
portance of, 155; saturated, 151. 

Solvay process (sodium carbonate), 
294. 

Solvents, 56, 151. 

Specific gravity, 55. 

Spectroscope, 305. 

Spectrum chart, facing 304. .« 

Spontaneous combustion, 25. 

’ Stalactites, 350. 

Stalagmites, 350. 

Standard conditions of temperature 
and pressure, 41. 

Starch, 276; granules, 276. 

States of matter, 55. 

Steam, 55. 

Steel, Bessemer, 367; blister, 373; 
chromium, 373; chromium-nickel- 
vanadium, 374; chromium vana- 
dium, 374; crucible 366; hardened, 
372; high-speed, 373; microscopic 
study of, 366; mild, 365; nickel, 
373; tempering of, 371. 

Steels, special, 373. 

Strontium, 357. 

Structural formula, 260. 

Sublimation, 315. 

Substance, definition of, 9; insoluble 
in water, 170. 

Substitution products, 262. 

Sucrose, 274. 

Sugar, beet, 273; cane, 274; grape, 
275; ordinary, 273. 

Sulphate, test for, 197. 


Sulphates, 197. 

Sulphites, 191. 

Sulphur, amorphous, 179; chemical 
behavior of, 180; flowers of, 176; 
importance of, 175; industrial pro- 
duction of, 175; occurrence of, 175; 
vs. oxygen, 185; plastic, 179; pro- 
perties of, 177; rhombic, 178; roll, 
176; in manufacture of rubber, 184; 
varieties of, 178. 

Sulphur dioxide, 188, 191. 

Sulphur trioxide, 191. 

Sulphuric acid, concentrated, 32, 195, 
action with salts, 196; dehydrating 
action of, 195; dilute, 32, 197; fum- 
ing, 194; manufacture of, 191, 193; 
and salt, 116; uses of, 198. 

Sulphurous acid, 189; reducing agent, 
190. 

Supersaturation, 155. 

Symbols, chemical, 99. 

Synthesis, 106. 


Talc, 346. 

Tallow, beef, 281. 

Tartaric acid, 265. 

Temperature, of air, 87, changes 
volume of gas, 45; critical, 81; 
effect of, 226; scale, absolute, 46; 
standard conditions of, 41. 

Theory, definition of, 92; of ions, 163; 
of Avogadro, 128. 

Thermite, 339. 

Thermos bottle, 83. 

T:N.T., 232. 

Toluene, 268. 

Tribasic acid, 191. 

Trinitrotoluene (T.N.T.), 232. 

Tuyeres (blast furnace), 362. 


Uniformity of gases, 127. 

Units, common, in metric and English 
systems, Back Cover. 

Unsaturated compounds, 280. 


Valence, of common elements and 
groups, 143, 144 (Table); defini- 
tion of, 142; determining, 147; im- 
portance of, 142; of ions, 171; 
variable, 144. 
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Vanadium, 373. 

Ventilation, 88. 

Vitamines, 285. 

Vitriol, oil of, 32, 195. 

Volatile acids, 196. 

Volume of gas, changes, with tem- 
perature, 45, with pressure, 43. 

Volume, gram-molecular, 131. 

Vulcanite, 185. 

Vulcanizing, 184. 


Washing soda, 297; for softening 
water, 351. 

Water, analysis of, 60; boiling of, 56, 
58; carbonated, 69; composition of, 
59, by weight, 62; decomposition 
of, 59; density of, 54; distillation 
of, 57; distilled, uses of, 57; drink- 
ing, chemical treatment of, 59; 
electrolysis of, 60; gas, 248; making 
of, 249; glass, 333; gravimetric 
synthesis of, 62; hard, 349; impor- 
tance of, 54; natural, impure, 56; 


occurrence, 54; percentage com- 
position of, 63; properties of, 54; 
purification of, 57; 341; soda, 70; 
softening of, 351; solvent power of, 
56; synthesis of, by volume, 60; 
vapor, correction for, 49. 

Weight, gram-molecular, 131. 

Weight, molecular, finding, 131. 

Weight, problems involving, 111; and 
volume, problems involving, 112. 

Welding, by thermite, 339. 

Welsbach, lamp, 252. 

Whitewash, 354. 

Whiting, 349. 

Wood, 277. 

Wood alcohol, 260. 

Wool, 278. 

Word equation, interpretation of, 13. 

Wrought iron, 365. 


Xenon, 84. 
Zinc blende, 175. 
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0=16 
Aluminum Al 27.0 Neodymium . Nd 144.3 
Antimony Sb 121.8 Neon . Ne 20.2 
Argon . A 39.9 Nickel nh to 58.68 
Arsenic As 74.96 | Niton (radium 
Barium Ba = 187.37 emanation) Nt 222.4 
Bismuth Bi 209.0 Nitrogen . N 14.008 
Boron . B 10.9 Osmium Os 190.9 
Bromine Br 79.92 | Oxygen oO 16.0 
Cadmium . Cd 112.4 Palladium Pd 106.7 
Cesium Cs 182.81 | Phosphorus P 31.03 
Calcium Ca 40.07 | Platinum Pt 195.2 
Carbon C 12.0 Potassium K 39.1 
Cerium Ce 140.25 | Praseodymium iPr 140.9 
Chlorine Cl 85.46 | Radium Ra 226.0 
Chromium Cr 52.0 Rhodium . Rh = 102.9 
Cobalt Co 58.97 | Rubidium Rb 85.45 
Columbium Cb 93.4 Ruthenium Ru .*- 101-7 
Copper Cu 63.57 | Samarium Sa 150.4 
Dysprosium Dy 162.5 Scandium . Se 45.1 
Erbium Er 167.7 Selenium . Se 79.2 
Europium Eu =—: 152.0 Silicon Si 28.06 
Fluorine F 19.0 Silver . Ag 107.88 
Gadolinium Gd = 157.3 Sodium Na 23.0 
Gallium Ga 69.7 | Strontium Sr 87.63 
Germanium Ge 72.6 Sulphur Ss 32.06 
Glucinum . Gl 9.1 Tantalum Be 181.5 
Gold Au 197.2 Tellurium Te 127.5 
Helium He 4.0 Terbium . Tb 169.2 
Holmium . Ho 163.4 Thallium . Tl 204.39 
Hydrogen H 1.008 | Thorium Th 282.15 
Indium In 114.8 Thulium Tm 168.4 
Iodine . I 196.08 ip: >") Sn 118.7 
Iridium Ir 193.1 Titanium . Ti 48.1 
Iron Fe 55.84 | Tungsten . WwW 184.0 
Krypton Kr 82.92 | Uranium . U 238.2 
Lanthanum La 139.0 Vanadium Vv 51.0 
Lead . Pb 207.2 Xenon Xe 1380.2 
Lithium Li 6.94 | Ytterbium 
Lutecium . Lu 175.0 Coe Yb = 173.5 
Magnesium Mg 24.32 | Yttrium Yt 88.9 
Manganese Mn 54.93 | Zine Zn 65.38 
Mercury ‘ Hg 200.6 Zirconium Zr 91.0 
Molybdenum 96.0 
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with their symbols, approximate. atomic — _ rane, 2 


ym-| Approx. 





Element ae At. Wt. Valence 
Aluminum. |-Al 27 iil 
Barium . Ba 137 iE 
Bromine Br 80 I 
Calcium Ca 40 I 
Carbon. Cc 12 IV 
Chlorine . | Cl 35.5 I 
Chromium. | Cr 52 II II IV 
Copper. . | Cu 63.6 I Il 
Fluorine F 19 I 
Gold. Au 197 I I 
Helium . He 4 ed 
Hydrogen . | H Zz I 
Todine:,...| I 127 I 
Iron . . | Fe 56 II Ill 
Lead. . | Pb 207 II IV 

Mg 24 I 

















Riswent Sym-|Approx. 


bol |At. wt.| Valence 
Manganese 55 II IV 
Mercury 200 ce 
Nickel . 58.7 Il 
Nitrogen . 14 Ill V 
Oxygen 16 II 
Phosphorus 31 Ill V 
Platinum . 195 IV 
Potassium 39 I 
Radium 226 II 
Silicon . 28 IV 
Silver . . 108 I 
Sodium 23 I 
Sulphur 32 II IV VI 
Win’. ts 119 II IV 
Tungsten . 184 VI 
ZANC; 65 I 





COMMON UNITS IN THE METRIC AND ENGLISH SYSTEMS 


10 millimeters =1 centimeter (cm.) 
(mm.) 
100 centimeters = 1 meter (m.) 
1000 cubic centi- 
meters (cc.) =1 liter ‘(1.) 
10 milligrams =1 centigram (cg.) 
(mg.) 
100 centigrams =1 gram (g.) 
=1 kilogram (kg.) 
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1 ce. of water at 4° C. weighs 1 gram 
2.54 centimeters =1 inch ; 


1 meter = 39.37 inches 
1 liter =1.06 quarts 
1 gram =15.4 grains 

28.35 grams =1 ounce 

1 kilogram = 2.20 pounds 


1 pint of water weighs about 1 pound 








